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ABSTRACT
Since bacteria play a significant role in the composition of the subsurface, understanding the
transport of microorganisms through groundwater and porous media is of great importance.
Recently, increased study of microbial transport in the subsurface has been driven by the
development of in-situ remediation techniques utilizing bacteria's natural ability to degrade
contaminants in the subsurface. To date, research in microbial transport within soil and
groundwater has been conducted extensively without any physical visualization of what is
occurring in the subsurface. Because the factors that control the transport of bacteria through
soil and groundwater are not well understood, direct visualization of microbial transport in the
subsurface would be extremely valuable in understanding soil, microbial, and groundwater
interactions. This project sought to investigate and develop a means of visualizing microbial
transport through porous media. A system incorporating bioluminescent bacteria, as a visual
indicator of both microbial transport and activity, was coupled with a transparent porous medium
that allowed the bioluminescent bacteria to be directly visualized as they were transported
through a model aquifer system.
The investigation of microbial transport was performed at a range of pore fluid velocities,
varying from 1.31E-5 m/s to 2.21E-4 m/s. Results acquired from the experimental setup were
reproducible at similar flow rates and bacterial cell concentrations. The two main factors
controlling microbial transport and activity were found to be flow velocity and oxygen
concentration levels. The degradation and consumption of oxygen and contaminants is related to
the amount of time microorganisms spend in particular pore spaces. Faster flow rates allow the
bacteria to move through the soil without consuming all of the available oxygen, but may not
allow the bacteria enough time to degrade the contaminant. Alternately, bacteria traveling
through soil at slower flow rates consume all available oxygen before traveling too far. For the
flow rates tested with this research, microbial flow was found to follow the flow pattern of a
color tracer. However, at the lower flow rates, an oxygen depletion zone developed behind the
advancing flow front. The width of this zone was observed to increase with time, resulting in a
reduction of bioluminescent activity, and thus, degradation activity, within the system.
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1. INTRODUCTION
1.1 VISUALIZATION OF MICROBIAL TRANSPORT
To date, research in microbial transport within soil and groundwater has been conducted
extensively without any physical visualization of what is occurring in the subsurface. Because
the factors that control the transport of bacteria through soil and groundwater are not well
understood, direct visualization of the processes occurring within the subsurface would be
extremely valuable in understanding soil, microbial, and groundwater interactions. Since it is not
currently possible to "see" into the ground, a means of recreating a subsurface in which
microbial transport can be visualized would be helpful in gaining understanding in this area.
This project sought to investigate and develop a means of visualizing microbial and chemical
transport through porous media. To accomplish this, a system incorporating bioluminescent
bacteria, as a visual indicator of microbial transport, was coupled with a transparent porous
medium that allowed the bioluminescent bacteria to be directly visualized as they moved through
the medium.
1.2 PROJECT OBJECTIVES
The specific objectives for the investigation of microbial transport in porous media described
in this thesis were to:
1. Research and obtain a bioluminescent bacteria strain that emits light when in contact with a
non-hazardous chemical.
2. Research and obtain a transparent soil that represents natural porous media and can sustain
water as its pore fluid.
3. Perform initial tests on the bioluminescent bacteria and transparent soil, to determine:
a. If the bacteria strain will survive in the presence of the transparent soil.
b. The effects of autoclaving (sterilizing) on the porous medium.
c. The rate of bioluminescence versus concentration of the bacterial substrate over time.
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4. Develop the experimental apparatus to simulate saturated groundwater flow and
bioluminescent bacterial transport in a uniform medium.
5. Test the experimental apparatus and investigate the effects of flow velocity on the behavior
of the bioluminescent bacteria.
6. Propose improvements to the system, including improvements to make the data gathered
from experiments more quantitative.
1.3 THESIS ORGANIZATION
The six main objectives listed above are presented in the following chapters. Chapter 2
contains background material on chemical and microbial transport through porous media. This
chapter also includes a discussion of the various types and applications of bioluminescent
bacteria. Chapter 3 presents preliminary research that was necessary to design the experimental
apparatus. The first section of this chapter includes the results of a computer simulation of the
experimental process that was run to determine if the project was feasible. The second section
describes the initial laboratory work that was undertaken. This work includes tests that were run
to check possible toxicity effects of the transparent porous medium on bioluminescent bacteria,
and scintillation trials that were run to determine how bacterial bioluminescence varies with the
concentration of the bacterial substrate over time. Chapter 4 presents the apparatus design and
experimental procedure. Each component of the apparatus is described and the steps taken to run
the experiment are detailed. Chapter 5 presents data obtained from experiments run at different
flow rates and discusses the implications of these experimental results. This chapter also
includes images of microbial plume development over time. Finally, a summary of findings
from the project and recommendations for future work are presented in Chapter 6.
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2. BACKGROUND
2.1 MICROBIAL FATE AND TRANSPORT
2.1.1 INTRODUCTION
Microorganisms are found everywhere in soil and groundwater. They are observed
anywhere below the ground surface where temperatures are less than 120 0C. Bacteria are the
most abundant group of organisms in the subsurface. Depending on soil conditions, the number
of bacteria in a gram of dry soil can range from 107 to 1010 organisms. The amount and type of
microorganism present at a certain location is dependent on environmental conditions of the site,
such as pH, moisture content, soil composition, and oxygen and nutrient availability (Eweis, et
al., 1998).
Since bacteria play a significant role in the composition of the subsurface as the driving
force of many degradation processes, understanding the transport of microorganisms through
groundwater and porous media is of great importance. In the past, study of microbial transport in
soil was of great interest due to outbreaks of pathogenic microorganisms contaminating the
groundwater (Tan & Bond, 1995). Recently, the study of microbial transport has been further
stimulated by the development of in-situ remediation strategies. Bioremediation has been shown
to be a promising environmental remediation technique utilizing bacteria's natural ability to
degrade contaminants in-situ. The use of this technique has grown rapidly in past years.
Frequently, bioremediation schemes involve injection of nutrients and microorganisms into the
subsurface. One of the critical factors in developing strategies for bioremediation is
understanding if, and how, the injected microorganisms and nutrients will travel through the
porous media to the contaminant. At present, however, the mechanisms governing coupled
microbial and contaminant transport are not well understood (Committee on In-Situ
Bioremediation, et al., 1993).
11
There are a number of environmental factors that affect the transport of bacteria through
soil. Examples of these are groundwater flow velocity, surface properties of the porous media,
and composition of the actual groundwater. Along with these factors, the microorganisms
undergo growth, death, attachment, motility, straining, advection, dispersion, and diffusion (Tan
& Bond, 1995).
2.1.2 TRANSPORT
Saturated soils consist of porous media, groundwater, aqueous and sorbed chemicals and
microorganisms. Mass transport is responsible for the movement of groundwater, dissolved
solids, contaminants, and suspended microorganisms (Fabritz, 1995). The mass transport
processes influence the net accumulation of biofilms and the degradation rates of contaminants.
The primary transport processes of concern are advection, dispersion, diffusion, and motility of
microorganisms.
The dominant processes for groundwater transport are advection, dispersion, and
diffusion. Advection is the process by which groundwater carries dissolved solids (Tan & Bond,
1995; Palmer, 1996; Fetter, 1993). Advection, the primary mechanism for movement of bacteria
in the subsurface, is related to the rate of flowing water, as defined by Darcy's Law (Palmer,
1996; Tan & Bond, 1995; Cunningham, et al., 1990; Fetter, 1988; Fang, 1997):
dh
Q=-KAi=-KA( -) (2.1)dl
Where
Q = Flow rate through soil
K = Hydraulic conductivity of soil
A = Cross-sectional area that flow can pass through
i = Hydraulic gradient (change in head over change in flow length)
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The advective water flux, J., is given by:
Jw = Vw (2.2)
Where
J.= Flux of water (volume of water flowing through a unit cross-sectional area of soil
per unit time)
o,= Average water flow velocity
E= Effective porosity of the soil
The amount of a dissolved solid or contaminant, which would act as a bacterial substrate,
being transported is a function of its concentration in the groundwater and the quantity of
flowing groundwater (Fetter, 1993). For example, the mass flux of substrate being transported
with the flow of groundwater is proportional to the concentration of the chemical in solution and
is defined as (Baveye, et al., 1992; Fetter, 1993; Tan & Bond, 1995):
JV = JC = vwOC (2.3)
Where
J = Advective flux of microorganisms (mass of microorganisms per unit cross sectional
area of soil per unit time)
C = Concentration of chemical or substrate
As groundwater migrates through the subsurface, the processes of dispersion and
diffusion influence its course. Molecular diffusion is the process that enables a solute to move
from an area of higher concentration to lower concentration. Thus, diffusion occurs when a
concentration gradient exists, with or without groundwater flow. The diffusion of a solute (i.e.
dissolved chemical) through water can be expressed by Fick's first law, which states that, the
mass of diffusing fluid is proportional to the concentration gradient driving the diffusion (Fetter,
1993; Palmer, 1996):
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dCJd =-Dd( ) (2.4)
dx
Where
Jd = Diffusive mass flux of solute per unit area per unit time
Dd = Diffusion coefficient
C = Solute concentration
dC/dx = Concentration gradient of chemical substrate
Diffusion does not occur in porous media as fast as it does in solution, since the chemical must
follow longer pathways as it travels around soil particles. To account for the longer pathways, an
effective diffusion coefficient is used (Fetter, 1993):
D*= WDd (2.5)
Where
D* = Effective diffusion coefficient
o = Tortuosity factor
Dispersion is a combination of mixing due to the fluid velocity distribution within
individual pores, the variation of velocities within pore channels of different size and surface
roughness, and the convergence and divergence of individual pore channels. The combination of
these processes contributes to the spreading of solids in both the longitudinal and transverse
directions (Palmer, 1996; Cunningham, et al., 1990). Dispersion is caused by the fact that fluids
tend to move faster in the center of pores than the edges, and the fact that some particles have to
traverse longer flow paths through the soil to reach the same point. Additionally, since some
pores will be larger than others, pore fluid travels at a faster rate in the larger spaces. These three
factors are illustrated in Figure 2.1. Dispersion is also assumed to be governed by Fick's law:
dC
dx
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Where
Jm = Dispersive mass flux of solute per unit area per unit time
Dm = Dispersion coefficient
Note that Dm is often assumed to be a function of linear velocity.
Figure 2.1 - Factors Causing Dispersion at the Scale of Individual Pores
(From Fetter, 1993)
Hydrodynamic dispersion is the groundwater process that takes into account both
mechanical dispersion and molecular diffusion (Cunningham, et al., 1990; Fabritz, 1995; Fetter,
1993). The hydrodynamic dispersion coefficient (Dm) is represented by (Fetter, 1993):
DmL aLVi + D*
DmT - TVi + D*
Where
DmL = Dispersion coefficient in principal direction of flow (longitudinal)
DinT = Dispersion coefficient perpendicular to direction of flow (transverse)
aL = Longitudinal dispersivity coefficient
UT = Transverse dispersivity coefficient
vi = Average linear velocity in the direction i
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(2.7)
(2.8)
There has been much debate regarding whether diffusion plays a significant role in
groundwater transport processes. Under most conditions, diffusion is insignificant and its effect
can be neglected. The relevance of diffusion to transport within a groundwater system can be
determined with the use of the Peclet number. The Peclet number is a dimensionless number
that relates the effectiveness of mass transport by advection to the effectiveness of mass transport
by diffusion. The Peclet number takes the form of (Freeze & Cherry, 1979; Fetter, 1993):
vxd
Peclet number = (2.9)
Da
Where
ox = Advective velocity
d = Average particle diameter
L = Characteristic flow length
A Peclet number between 0.4 to 6 represents a transition zone where the effects of diffusion and
longitudinal mechanical dispersion are relatively equal. At larger Peclet numbers, with higher
groundwater velocities, dispersion is the main cause of mixing of the groundwater plume and
effects of diffusion can be ignored. At lower values, however, diffusion plays a more significant
role in the transport of the groundwater plume (Freeze & Cherry, 1979; Fetter, 1993).
These three processes, advection, dispersion, and diffusion, contribute to the overall flow
of groundwater through the subsurface. The basic one-dimensional advection-dispersion
equation for solute transport in saturated porous media is as follows:
82 C SC SC
D -v -± R(C,t) = (2.10)
Where
Dx - Dispersion coefficient in the x direction
vx - Average linear velocity in the x direction
R(C,t) - Mass transfer process
dC/dt - Rate of change of substrate in the system over time
16
This equation is applicable for homogeneous and isotropic porous media, under
conditions where the flow has reached steady state within saturated soil. This equation allows
for a single reaction component (R(C,t)) which can consist of degradation of a solute, growth or
decay of a microbial species, radioactive decay, and any other reaction possible in the subsurface
environment. If a system contains a number of solutes, a separate equation must be carried out
for each reaction (Freeze & Cherry, 1979; Domenico & Schwartz, 1998).
Along with the processes of advection, dispersion, and diffusion, microorganisms are
able to migrate in aqueous environments on their own. Many bacteria are motile with the use of
flagella (Madigan, et al., 1997; Eweis, et al., 1998). Bacterial flagella are long, thin structures
attached to one end of the cell (Figure 2.2). Each flagellum moves by rotation, in the manner of
a propeller and can move bacteria through liquid media at speeds up to 50 - 60 cell lengths/
second (0.00017 kilometer/hr) (Madigan, et al., 1997). In general, this movement is not
significant in normal velocities of groundwater flow.
BACIRIA CELLS
F Breciwl
Figure 2.2 - Bacteria Cells with Flagella
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Bacteria may also move through the groundwater by chemotaxis (Taylor & Jaffe, 1990b,
Madigan, et al., 1997). Chemotaxis, a form of motility, is the movement of a microorganism
toward or away from a chemical gradient. In the absence of a chemical attractant, such as a
growth substrate, the bacteria cell moves randomly with the use of flagella. However, when a
chemical attractant is present, the movement of the cell is biased towards the chemical. The
opposite movement is true for a chemical repellent, as bacteria will move away from it
(Madigan, et al., 1997).
2.1.3 BIOFILMS
Bacteria in porous media can be found traveling suspended in the pore fluid, however
bacteria in the subsurface are predominantly found attached to soil particles (Taylor & Jaffe,
1990b; Zysset, et al., 1994). The attachment of bacteria to solid surfaces and further growth
creates a biofilm. Biofilms are the result of the colonization on a surface by bacteria and consist
of the resulting bacterial colonies with other extracellular polymers that help bind the biofilm
together (Tan & Bond, 1995; Zysset, et al., 1994; Lappin-Scott, et al., 1992).
Attaching to solid surfaces allows the bacteria to remain close to the fresh source of
nutrients flowing by them in the pore fluid (Cunningham, et al., 1990). Initial microbial
attraction to soil particles is either due to surface charge or to Van der Waal's forces. Many
bacteria are negatively charged and, therefore, will adhere to positively charged solid surfaces
(Matthysse, 1992).
Further subsurface biofilm accumulation is influenced by the nature of groundwater and
nutrient transport through soil. Adsorption rates on porous media are a function of the suspended
bacteria's concentration in groundwater, and shear stress (Cunningham, et al., 1990). The
adsorption of bacteria to a soil particle is determined by nutrient concentration and availability,
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pH, temperature, and composition of the surface, such as texture, free energy, electrostatic
charge, and hydrophobicity (Lappin-Scott, et al., 1992; Dupont, et al, 1998).
Biofilm accumulation in porous media tends to decrease with distance along a flow path.
This decrease is due to the concentration of substrate and oxygen decreasing as the distance from
the source increases. When the substrate or oxygen supplies are depleted, cell growth will
diminish. Accumulation of biofilms within an aquifer is likely to be non-uniform throughout
with the majority of microbial growth found on the upstream side of soil particles (Cunningham,
et al., 1990).
Biofilms can vary in thickness, ranging from a diameter of a single cell to several
millimeters. Typically, however, most biofilms are approximately 100 pm thick (Lappin-Scott,
et al., 1992). Biofilms can surround entire soil particles or can occur in patches across the
surface (Tan & Bond, 1995; Davison & Lerner, 1998). Many researchers have come to believe
that the structure of biofilms in porous media consists of several layers. The biofilm is attached
to the solid surface, and between the biofilm and pore water is an additional, immobile pore
water phase. This theory assumes that diffusion plays a large role in the transfer of nutrients and
oxygen to bacteria cells (Davison & Lerner, 1998; Baveye & Valocchi, 1989).
The rate of growth of the biofilm on an individual soil particle is influenced by the pore
water velocity distribution, dispersivity, molecular diffusion, roughness of the soil surface, and
additional factors affecting the transport of nutrients to the cells. The main issue affecting
groundwater migration with an accumulation of biofilms on soil particles is the change in
hydraulic conductivity and other properties of the soil system as a result of biofilms clogging the
pore space (Cunningham, et al., 1990). Experimental data shows that biomass in soil drastically
decreases the amount of flow through the porous media (Taylor & Jaffe, 1990a). Additionally,
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Taylor, et al. (1990) demonstrate that the reduction in hydraulic conductivity for a given amount
of biomass is greatest when there are uniform pore spaces in the soil.
As bacteria are transported through the subsurface, a number of physical and chemical
mechanisms help contribute to the removal of cells from the groundwater (Taylor & Jaffe,
1990b). Some of the main processes that must be considered when investigating microbial
populations in the subsurface are filtration, straining, sedimentation, death of the organisms, and
as mentioned previously, adsorption and desorption of the bacteria (Figure 2.3) (Zysset, et al.,
1994).
DESORPTION
FILTRATION 
-
FLOW GROWTH,
-. *ADSORPTIOQN
SUSPENDED ATTACHMENT
CELLS
DETACHMENT
Figure 2.3 - Various Processes Contributing to Biofilm Accumulation
in Saturated Porous Media
(from Cunningham, et al., 1990)
Filtration is the removal of suspended objects from groundwater passing through soil
pore spaces. The main mechanism by which this occurs is mechanical straining (Cunningham, et
al., 1990). Straining occurs when suspended cells or biofilm fragments flowing through the
porous media are entrapped by pore spaces downstream that are not large enough to flow
through (Cunningham, et al., 1990; Tan & Bond, 1995; Taylor & Jaffe, 1990b). Some
researchers believe that straining is the main process retarding the migration of larger
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microorganisms in the subsurface. The magnitude of straining that occurs in the subsurface is
dependent on the amount of bacteria clumping together (Tan & Bond, 1995; Taylor & Jaffe,
1990b).
2.1.4* BACTERIAL GROWTH & SURVIVAL
Bacteria traveling through the subsurface must be able to survive in their surrounding
conditions in order to be of any remedial use downstream. Bacteria require an energy source, an
electron acceptor, some essential nutrients, and a suitable environment to survive (Davison &
Lerner, 1998). The density and composition of a microbial community depend on environmental
factors such as moisture content, oxygen concentration, temperature, pH, and nutrient
availability (Eweis, et al., 1998).
A pH range of 6 to 8 is conducive to the growth of most bacteria. Soil outside of this pH
range will tend to inhibit the growth of microorganisms. Soil temperature also affects the rate of
growth and biodegradation. Generally, a range of 15 to 40C is optimal for biomass growth and
degradation of contaminants. As temperatures approach 00C, biodegradation ceases (Yaron, et
al., 1984; Eweis, et al., 1998).
The moisture content and oxygen concentration within the subsurface are directly related
to the survival of microorganisms in the subsurface. An adequate amount of water is necessary
for microbial growth and maintenance. Too little water in porous media results in a loss of
microbial activity, but too much water may inhibit the bacteria from getting enough oxygen to
survive (Eweis, et al., 1998). A balance must be obtained for growth to occur.
When these environmental factors (soil pH, temperature, and moisture content) are at a
reasonable level, the availability of a substrate becomes the factor that will influence microbial
growth. This substrate is the growth limiting nutrient for a particular bacterial strain. Therefore,
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the rate of growth can be shown to be a function of environmental conditions and the
concentration of the substrate, oxygen, and biomass (Eweis, et al., 1998). For microbial growth
limited by a single substrate, the Monod equation takes the form of:
pmax S
K +S (2.11)
Where
p = Specific growth rate
l-max = Maximum specific growth rate
S = Limiting substrate concentration
Ks = Saturation coefficient
The maximum specific growth rate is achieved when S>>Ks (Tan & Bond, 1995). The equation
above (2.11) does not account for microbial death. Death, or decay of the biomass, can be
incorporated into Equation 2.11 to yield a more accurate growth rate (Davis & Cornwell, 1991):
dX 
-maxSX kX (2.12)
dt Ks + S
Where
dX/dt = Growth rate of the biomass
X = Concentration of the biomass
kd= Death rate constant
These Monod equations are commonly used to quantify the specific growth rate of bacteria
suspended in solution, however, they are not appropriate for microorganisms attached to soil
particles. Multiple Monod equations are also frequently used to predict the growth of
microorganisms (Tan & Bond, 1995).
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2.1.5 EXPERIMENTAL MODELS
Much of the preceding background information is a result of experimental research.
Taylor and Jaffe (1990a) performed an experimental investigation using sand packed column
reactors to quantify the reduction in pore volume as a result of enhanced microbial growth within
porous media. The research was conducted to determine the relationship between permeability,
biofilm growth, and substrate utilization. Their results demonstrated that biomass in sand sized
porous media can reduce the permeability by as much as three orders of magnitude.
Additionally, after this decrease in permeability, no further permeability reductions occurred.
They concluded that the size and shape of pore spaces could be severely altered by bacteria and
its associated extracellular material within biofilms.
Further research was performed to investigate the effects of biofilm growth on the
dispersivity of porous media (Taylor & Jaffe, 1990c). It was found that significant biofilm
growth increased the dispersivity of a soil system by one order of magnitude. It was also
concluded that transport in soil with large biofilm growth is most likely to be dispersion
dominated.
Experimental research conducted by McCaulou, et al. (1994) sought to compare
conditions and time scales promoting attachment and detachment of bacteria to porous media.
Two different strains of bacteria were utilized in continuous flow column experiments, one with
a hydrophobic surface and another with a hydrophilic surface. Additionally, three types of
porous media were incorporated into the system. These three granular soils included a
negatively charged quartz, a positively charged hematite-coated quartz, and a hydrophobic
surface (polymer-coated quartz used to simulate the effects of organic carbon in the subsurface).
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This experimental work demonstrated that hydrophobic interactions are involved with the
attachment process, however, they are less dominant than electrostatic forces. The hydrophobic
bacteria tended to have a greater affinity toward the polymer coated soil than for the hydrophilic
surface. Attachment rates were consistent among all combinations of bacteria with the different
soil types with the exception of hydrophobic bacteria to the positively charged hematite surface,
which were an order of magnitude greater for this combination.
This research also revealed that bacterial adsorption is reversible and that detachment
plays a large role in estimating transport for longer scale systems and deeper environments.
However, in near surface soil systems, bacterial growth might influence transport processes
greater, since detachment rates are on the order of weeks (McCaulou, et al., 1994).
A number of other experimental column experiments have been performed to investigate
microbial transport processes. Most research has attempted to determine the extent of variations
in soil conditions due to biofilm growth. The previous conclusions, however, have been based
on data gathered at the inlet and outlet of a soil column. Thus, to date, there has been no means
of visualizing what is happening within a soil, and therefore verifying if, in fact these
conclusions are true.
2.1.6 NUMERICAL MODELS
With the data obtained from experimental models, researchers continue to search to find a
numerical model that accurately describes microbial transport conditions in the subsurface. A
number of different models have been developed; some of which can be found in Celia, et al.
(1989), Taylor & Jaffe (1990b), Kindred & Celia (1989), and Chen, et al. (1992). The goal of
these models is to accurately simulate microbial transport through the subsurface. Each model
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takes into account the various processes previously mentioned. However, since a complete
understanding of the intricacies of microbial life within the soil environmental is not available,
these models have not been successful in fulfilling that goal.
One numerical model, BUGS Scratchpad 1.1, was incorporated in this project's
preliminary work to determine if the experimental setup being developed for the project would
work effectively. This model was designed to simulate the movement and biodegradation of
contaminants in a saturated aquifer (Fabritz, 1995). The program models fate and transport of
multiple reactive solute and sorbed species through groundwater, and incorporates chemical and
biokinetic reactions in a saturated steady state flow system. The results of simulations run with
the BUGS Scratchpad program can be found in the Preliminary Research section (3.1).
2.1.7 VISUALIZATION OF BACTERIA
One of the most difficult aspects involved in investigating subsurface microbial activity is
the inability to directly observe living microbial populations in their natural undisturbed soil
habitat. The soil can be taken from the ground and then analyzed with a number of visualization
techniques. However, these techniques are generally destructive, and only helpful in
determining what types of microbial populations are present in the soil.
Microorganisms are typically examined using either a light microscope or an electron
microscope. Most routine microbial examinations are accomplished with the light microscope
where dyes are often incorporated to detect cells more easily. The electron microscope is used
for studying more detailed structures of the microbial cell (Madigan, et al., 1997). This level of
detail is usually not necessary for studying transport of bacteria through the subsurface. Pictures
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from electron microscopy can, however, show the number of microorganisms occupying the
available pore space (Paul & Clark, 1989).
In this project, a new technique has been developed that utilizes bioluminescent bacteria
to directly visualize microbial transport through the subsurface. The light response from bacteria
has been proven to be a useful tool for direct analysis of biodegradative microbial activity in the
environment. The use of bioluminescent bacteria to study microbial transport therefore allows
for an accurate visual portrayal of what might actually be occurring in the subsurface. Note that
bioluminescent oxygen consumption is an analogue for metabolic oxygen consumption.
Therefore, the bioluminescent bacteria in this project were used to represent the behavior of
contaminant degrading bacteria in the subsurface.
2.2 BIOLUMINESCENT BACTERIA
2.2.1 BIOLUMINESCENCE
Bioluminescence is the emission of light from living organisms in the environment. It is
the result of chemical processes that occur in the tissue of some organisms. Bioluminescence is
being utilized more frequently in environmental applications for the detection of contaminants.
Many organisms have the ability to glow, and a large number of bacteria are being genetically
altered to carry the bioluminescent trait.
Bioluminescent species are predominantly found in marine environments. More than
90% of the organisms glow in the ocean from depths of 300 to 3,000 feet. Bioluminescence is
the only source of light in the ocean at these depths (Meighen, 1988; "Bioluminescence-What is
it?"). Bioluminescent bacteria are also found in freshwater and terrestrial environments (Stewart
& Williams, 1992; Meighen, 1991; 1993; Nealson & Cassin, 1984).
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There are a vast number of organisms that have the ability to luminesce. Bacteria, algae,
fungi, insects, shrimp, and a number of invertebrate animals are all known to glow. The uses of
bioluminescence in these organisms range greatly. Bioluminescent fungi use their ability to glow
to attract insects that can spread the fungus's spores for reproduction. Fish in the ocean harbor
bioluminescent bacteria under their eyes and use them as headlights in the dark water. The light
helps fish keep schools together, escape from predators, and hunt for food. The bacteria, in turn,
receive a stable source of nutrients from the host fish. The polynoid worm uses its ability to
glow in a rather interesting way. It leaves behind a piece of its glowing body when escaping an
attack. The glowing skin attracts attention to its predator while the rest of the body stops
glowing and escapes ("Uses of Bioluminescence in Nature"; Meighen, 1988; 1993).
In many organisms, bioluminescence is used during mating. The firefly produces light
as a signal to others 'announcing' that it is searching for a mate. The click beetle uses
bioluminescence to attract its mate in a similar manner. Some species are capable of laying
glowing eggs, which helps the male find the eggs to fertilize them ("Uses of Bioluminescence in
Nature"; Meighen, 1988; 1993). Although bioluminescent organisms utilize their ability to glow
for a wide range of purposes, the common feature for all luminescent systems is the requirement
of oxygen for the luminescent reaction to occur (Meighen, 1991; 1993).
Bioluminescent bacteria are the most abundant luminescent organisms in nature. Most of
these luminescent bacteria are classified into the three genera Vibrio, Photobacterium, and
Xenorhabdus. The mechanisms by which naturally bioluminescent bacteria are capable of
glowing are of great interest for research. Not only are naturally occurring bioluminescent
bacteria of interest, but also cloned species of these glowing bacteria. Genes from
bioluminescent bacteria have been cloned into other bacterial species to give them the ability to
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bioluminesce. In many of these cases, bioluminescence is utilized in environmental applications
to estimate the danger of contaminants to humans and other organisms (Steinberg, et al., 1995).
The mechanisms are discussed in further detail below.
2.2.2 BIOLUMINESCENT REACTION
The light emitting reaction in bioluminescent bacteria involves the oxidation of a long
chain fatty aldehyde (RCHO) and the reduced form of flavin mononucleotide (FMNH 2) by
molecular oxygen. This results in the emission of blue-green light at a wavelength of 490 nm.
Enzymes, called luciferases (luxA and luxB), catalyze this bioluminescent reaction. The
luciferases are approximately 77 kDa in molecular weight and are composed of two dissimilar
subunits, ax (40 kDa) and $ (37 kDa) (Note, one Dalton (Da) equals one-twelfth of the mass of
the atom 12C) (Meighen, 1988; 1991; Stewart & Williams, 1992). The primary source of energy
for the light is supplied by the conversion of the aldehyde to a fatty acid. The remaining energy
in the reaction is from the oxidation of flavin mononucleotide. The reaction is as follows:
FMNH 2 + RCHO + 02 -> FMN + RCOOH + H20 + light (2.13)
Where
FMNH 2 = Reduced form of flavin mononucleotide
RCHO = Long chain fatty aldehyde
FMN = Flavin mononucleotide
RCOOH = Fatty acid
Therefore, bacterial bioluminescence requires oxygen, a source of energy, a luciferase enzyme,
and a long chain fatty aldehyde (Becvar & Hastings, 1975; Belas, et al., 1982; Dunn, et al., 1973;
Engebrecht & Silverman, 1984; Hastings, et al., 1975; Heitzer, et al., 1994; Meighen, et al.,
1981; Meighen, 1988; 1991; 1993; Nealson & Cassin, 1984; Stewart & Williams, 1992; Zenno,
et al., 1994). When FMNH 2 is continually supplied, the luminescence remains constant. The
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enzymes necessary for this bioluminescent reaction are encoded in the lux structural genes and
will be discussed later in more detail.
During the bioluminescent reaction, the synthesis of the aldehyde catalyzes the multi-
enzyme fatty acid reductase complex. This complex (LuxCDE) contains proteins, transferase,
reductase, and synthetase. The transferase promotes the transfer of activated fatty acyl groups
into water, while the reductase (LuxC) and synthetase (LuxD) catalyze the following reaction:
RCOOH + ATP + NADPH -> NADP + AMP + PPj + RCHO (2.14)
Synthetase (LuxE) is an enzyme that catalyzes the linking together of two molecules, usually
using energy from ATP. In the bioluminescent reaction, synthetase activates the fatty acid by
forming a fatty acyl-AMP. The acyl group is shifted from the synthetase to the reductase, which
catalyzes the reduction to aldehyde at the expense of NADPH (Meighen, 1991; 1993).
Tetradecanal is believed to be the natural aldehyde for the bioluminescent reaction, but
differences in aldehyde specificity do exist among bacterial luciferases. Vibrio harveyi and
Xenorhabdus luminescens luciferases have been found to have luminescent responses to nonanal
and decanal. The reduced flavin mononucleotide (FMNH 2), however, is highly specific to the
bioluminescent reaction. Bound to the enzyme, FMNH 2 reacts with oxygen to form a
peroxyflavin intermediate. The flavin intermediate then interacts with aldehyde to form a stable
intermediate that decays slowly. During this decay, light is emitted with the oxidation of
substrates (Meighen, 1988; 1991).
2.2.3 lux GENE ORGANIZATION
The light emitting reaction in bioluminescent bacteria is encoded in the lux structural
genes. There can be up to seven genes in the lux operon of bioluminescent bacteria (Blouin, et
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al., 1996). In all organisms, luxA and luxB genes code for the enzyme, luciferase, and luxCDE
genes code for the fatty acid reductase complex. Other lux genes have been identified and are
specific to certain bioluminescent bacterial strain systems (Meighen, 1988; 1991; 1993; Stewart
& Williams, 1992; Zenno, et al., 1994).
The order of genes is the same in all operons. This order is luxCDAB(F)E, with luxC and
luxD upstream from the luciferase genes (luxA and luxB), and luxE being downstream. luxF is
an additional gene that is located between luxB and luxE in many Photobacterium species, but is
not found in Vibrio and Xenorhabdus lux systems (Meighen, 1988; 1991; 1993; Stewart &
Williams, 1992; Zenno, et al., 1994). Figure 2.4 shows the organization and function of lux genes
from V. fischeri.
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Figure 2.4 - Organization and Function of lux Genes cloned from Vibrio fischeri
(from Stewart & Williams, 1992)
Each of the lux genes has a specific purpose. luxA and luxB code for the o and
subunits of the enzyme, luciferase. luxC and luxD code for the reductase and transferase
polypeptides of the fatty acid reductase, and luxE codes for the synthetase. These polypeptides,
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reductase, transferase, and synthetase, are part of the multi-enzyme fatty acid reductase
mentioned previously (Meighen, 1991; 1993).
luxF is an additional gene that encodes a flavoprotein related in sequence to the luciferase
subunits. The luxF protein that results is not necessary for light production, but may play a
specific role in bacteria found in deep water, such as the Photobacterium species. In some
bacteria, luxG is present and is located downstream next to the luxE gene. The luxG gene has
been found to be involved in the production of FMNH 2 for the luminescent reaction. The luxH
gene, located downstream next to the luxG gene, is found in only the V. harveyi lux operon. It is
believed that this gene deals with riboflavin synthesis (Meighen, 1991; 1993). Figure 2.5
compares the lux gene organization for a number of species.
As seen in Figure 2.5, the V. fischeri lux system contains two additional genes, luxI and
luxR. These genes are regulatory genes that control the expression of light emission. The
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Note: Pp - Photobacterium phosphoreum, P 1 ~ Photobacterium leiognathi 741 and 554, P12  Photobacterium
leiognathi ATCC 25521, Vf - Vibrio fischeri, Vh - Vibrio harveyi, Xl ~ Xenorhabdus luminescens
Figure 2.5 - lux Gene Organization for Varying Bioluminescent Species
(from Meighen, 1991)
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luxI gene is located immediately upstream of luxC and is required for the synthesis of an
autoinducer. The luxR gene product functions as a receptor for the autoinducer and activates the
expression of the lux operon (Meighen, 1991; 1993).
2.2.4 AUTOINDUCTION
The biological production of light is highly dependent on cell density. Bacteria utilize
autoinducers as a detection system to determine the amount of bacteria present in their
surroundings. This phenomenon, where bacteria sense their own density, is called 'quorum
sensing'.
The mechanism of cell density dependent regulation plays a major role in the emission of
light for these organisms (Meighen, 1993). A single bacterium will not emit light. Research has
shown that the production of light increases as cell growth increases (Figure 2.6). During initial
stages of growth, however, the luminescence actually decreases due to a lack of necessary
substrates. As growth increases into the logarithmic phase, light emitted by the cells increases
dramatically (Figure 2.6). The explosion of light can be 5,000 times the initial level or more
(Engebrecht & Silverman, 1984, Meighen, 1991; 1993; Nealson & Cassin, 1984).
The lag during the initial growth period shown in Figure 2.6 is due to the bacteria's need
for an autoinducer. The autoinducer is a small diffusible metabolite that is synthesized by the
luxI gene and discharged into the extracellular environment to accumulate. While the cells are
accumulating the autoinducer concentration, the lux operon is expressed at a low level
(luxICDABEG for Vibrio fischeri). Once the critical concentration of autoinducer in the cells
and media has been reached, the autoinducer incites light production by binding to the luxR
regulatory protein. This protein interacts with the operator between the luxICDABEG and luxR
operons. luxR typically blocks the activation of the luxICDABEG operon, so when the
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autoinducer binds to it, it allows the luminescence operon to activate the lux genes to produce
light (Meighen, 1991; 1993).
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Figure 2.6- Dependence of Bioluminescence and Cellular Growth
on Time for P. phosphoreum
(from Meighen, 1991)
Therefore, as the cell density increases in the media, the more autoinducer will be
produced, and as a result, more light will be emitted. However, if the amount of autoinducer
cannot accumulate in the media, then light emission levels will remain low. Autoinducers are
species specific to the induction of bioluminescence. As a result, if a particular autoinducer has
accumulated in the environment, only the species that utilizes that autoinducer will emit light.
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2.2.5 CLONING OF lux GENES
The lux structural genes have been cloned from naturally bioluminescent organisms and
introduced into a variety of hosts. This transfer of bioluminescent genes allows the new host to
acquire the ability to luminesce. The first lux operons to be cloned were from V. fischeri and V.
harveyi (Stewart & Williams, 1992).
The lux structural genes can be transferred into other bacteria through transformation
with a variety of plasmids. A promoter, the binding site in a DNA chain at which RNA
polymerase binds to initiate transcription of messenger RNA by one or more nearby structural
genes, is required on the plasmid. By putting the lux genes after a promoter specifically
responsive to a particular chemical in question, a positive light response will be emitted from the
bacteria when the chemical is present (Heitzer, et al., 1998; Meighen, 1993)
Transfer of lux genes is accomplished by transformation, transduction, or conjugation.
Transformation involves the transfer of genetic information via free DNA, whereas transduction
involves the transfer of host genes from one cell to another by a virus. The third method,
conjugation, involves the genetic material (typically plasmids) being transferred by a mechanism
involving cell to cell contact. Table 2.1 shows a variety of bacteria where lux genes have been
transferred using this method. lux DNA can be integrated into the bacterial genome by insertion
into the bacteria's transposon or the DNA on the plasmid.
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Species Gene Transfer System Integration lux Genes Transferred a
into Host
Citrobacter koseri
Escherichia coli
Klebsiella aerogenes
Pseudomonas fluorescens
Salmonella typhimurium
Shigella flexneri
Vibrio parahaemolyticus
Xenorhabdus luminescens
Plant pathogens
Agrobacterium radiobacter
Agrobacterium rhizogenes
Agrobacterium tumefaciens
Bradyrhizobium japonicum
Erwina amylovora
Erwina caratovora
Pseudomonas glumae
Pseudomonas putida
Pseudomonas syringae
Rhizobium meliloti
Rhizobium leguminosarum
Xanthomonas campestris
Marine bacteria
Vibrio harveyi
Vibrio fischeri
Photobacterium phosphoreum
Cyanobacteria
Anabaena spp.
Gram-positive bacteria
Bacillus megaterium
Bacillus subtilis
Lactobacillus casei
Lactococcus lactis
Listeria monocytogenes
Staphylococcus aureus
Streptococcus lactis
Streptomyces coelicolor
Transformation
Conjugation, transformation,
Transduction
Transformation
Conjugation
Trasformation, Transduction
Transformation
Transduction
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Conjugation
Transformation
Transformation
Transformation
Transformation
Transformation
Transformation
Transformation
Transformation
Vf luxAB
Vf, Vh, Pp, Pl, XI, lux
- Vf luxAB
- Vf luxABCDE
- Vf luxAB
- Vf luxAB
+ Vf luxABCDE
- Vf /uxABCDE, Vh luxABCD
+ Vh luxAB
+ - Vh luxAB, Vf luxABCDE
+ - Vh luxAB, Vf luxABCDE
+ Vh luxAB
- Vf /uxABCDE
- Vf luxABCDE
- Vf /uxABCDE
+ Vh luxAB
- Vf /uxABCDE
+ - Vh luxAB, Vf luxABCDE
+ Vh luxAB
+ - Vf IuxABCDE
- Vh luxABCDEFGH, Pp luxABCDE
- Vh luxABCD
- Vh luxABCD
Vf luxAB, Vh luxAB
Vf luxAB
Vf luxAB, Vh luxDAB
Vf luxAB
Vf luxAB
Vf luxAB
Vf luxAB
Vf luxAB
Vh luxAB
a Vf, V. fischeri; Vh, V. harveyi; Pp, P. phosphoreum; Pl, P. leiognathi; Xi, X luminescens
Table 2.1- lux Gene Transfer into Bacteria
(from Meighen, 1991)
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2.2.6 EXAMPLE OF lux GENE TRANSFER
To further explain the process of lux gene transfer from bioluminescent bacteria into a
different species, an example will be presented on how particular genetically engineered strains
were formed. The bacterial strains of choice are Pseudomonas fluorescens, strains HK44 and
5RL. These strains were created through conjugation of the plasmid pUTK21, and were
constructed to monitor naphthalene and salicylate bioavailability and degradation.
To understand how strains HK44 and 5RL were created, some background information is
needed on the naphthalene and salicylate pathways within the plasmids. The catabolic plasmid
NAH7 was used in creating pUTK21. In NAH7, the genes for naphthalene and salicylate
degradation are organized into two operons, nah and sal. These operons comprise of an upper
and lower pathway of degradation. The nah operon (upper pathway), nahABCDE,
encodes enzymes that convert naphthalene to salicylate, and the sal operon (lower pathway),
nahGHINLMJK, encodes enzymes that catalyze the degradation of salicylate to acetaldehyde and
pyruvate (Burlage, et al., 1990; 1994; Heitzer, et al., 1992; Menn, et al., 1993; Yen &
Gunsalus,1982; You, et al., 1991). Figure 2.7 shows the naphthalene and salicylate oxidation
pathways of NAH7.
The bioluminescent reporter plasmid pUTK21 was constructed from the plasmid NAH7
with the use of a transposon (Tn4431) insertion of luxCDABE genes from Vibrio fischeri.
pUTK21 contains the upper and lower pathways found in NAH7, but the lower pathway codes
for the lux pathway, and not salicylate degradation that NAH7 does. This difference occurs
because one of the genes was interrupted with the insertion of luxCDABE genes. Each pathway
is controlled by promoters being induced by salicylate (Heitzer, et al., 1994; Webb, et al., 1997).
As mentioned, both P. fluorescens strains, 5RL and HK44, contain the bioluminescent reporter
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plasmid pUTK21. Upon exposure to naphthalene or salicylate, both nah operons in strains 5RL
and HK44 are expressed and the bacteria emit light (King, et al., 1990; Menn, et al., 1993;
Sanservino, et al., 1993).
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Plasmid nah7 encoded naphthalene/salicylate oxidation.
Capital letters indicate genes or products: A, naphthalene dioxygen-
ase; B, cis-dihydrodiol naphthalene dehydrogenase; C, 1,2-dihydroxy
naphthalene dioxygenase; D, 2-hydroxychromene-2-carboxylate isom-
erase; E, 2-hydroxybenzalpyruvate aldolase; F, salicyaldehyde dehy-
drogenase; G, salicylate hydroxylase; H, catechol dioxygenase; 1, 2-
hydroxymuconate senialdehyde dehydrogenase; J, 2-hydroxymuco-
nate tautomerase; K, 4-oxalcrotonate decarboxylase; L, 2-oxo-4-pen-
tenoate hydrotase; M, 2-oxo-4-hydroxypentanoate aldolase.
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Figure 2.7 - Plasmid NAH7 encoded Naphthalene/ Salicylate Oxidation
(from Yen & Gunsalus, 1982)
2.2.7 APPLICATIONS OF BIOLUMINESCENT REPORTER STRAINS
The use of bioluminescent reporter strains has increased dramatically as more and more
strains are being constructed. The bacteria are being utilized in a number of environmental tasks
and for the detection of a variety of chemicals in addition to salicylate and naphthalene. By
putting the lux genes after a promoter specifically responsive to the chemical in question, a
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positive light response from the bacteria becomes a measure of the chemical's presence and its
bioavailability in the environment (Heitzer, et al., 1998; Meighen, 1993).
Many researchers have utilized bioluminescent bacterial strains to detect the presence of
environmental contaminants. As mentioned earlier, King, et al. (1990) constructed a strain to
detect naphthalene. Upon exposure to naphthalene these bacteria produce light that is
proportional to the concentration of naphthalene. Other researchers have shown that the bacteria
will glow when repeatedly exposed to naphthalene (Steinberg, et al., 1995). Additional strains
have been constructed to detect benzene, toluene, ethybenzene, and xylene (Applegate, et al.,
1998), mercury (Selifonova, et al., 1993), trichlorethylene (TCE) (Applegate, et al., 1997), and
polychlorinated biphenyls (Layton, et al., 1998).
Burlage, et al. (1994) utilized two strains, HK44 and RB1401, in a field scale
bioremediation project. The site was contaminated with toluene, xylene, and naphthalene. Strain
RB1401 degrades toluene and xylene, and has been genetically altered to bioluminesce when in
contact with either chemical. Additionally, strain HK44 reacts similarly in the presence of
naphthalene. These bacteria were used to detect where contaminants were located throughout
the site. This technique allowed them to define where the contaminant was located, and
therefore, where the remediation scheme would need to be focused. Additionally, by using these
bacteria, the bioavailability of the chemical in the environment could be determined. The
bacteria would only be able to degrade the chemical if the contaminant is bioavailable and if
oxygen is present. If the chemical is sorbed to the soil and not available to the bacteria, the
option of natural attenuation could be considered. Not only were these bacterial strains utilized
in detecting contaminants, but also to determine the toxicity level of contaminants in the
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environment, since the amount of light produced is proportional to the amount of contaminant
present (Steinberg, et al., 1995).
Genetically altered bioluminescent strains have also been utilized to measure bacterial
adhesion in biofilms under conditions similar to those in the environment. Using a lux
transcriptional fusion of alginate biosynthetic genes, researchers are able to facilitate the study of
the mechanisms activated when the bacteria adhere to surfaces. The bacteria provide on-line
detection of biofilm, bulk phase biomass, and metabolic activity when it was induced
(Mittelman, et al., 1992). An additional use of the bioluminescent reporters in biofilms was to
examine the role of exopolymer production in biofilm function (Wallace, et al., 1994).
The ability for organisms to emit light is a fascinating trait. The applications of
bioluminescent reporter strains have been demonstrated in a large number of research projects
addressing environmental concerns. The light response from bacteria is a useful tool for direct
analysis of biodegradative microbial activity in the environment. They can help determine the
location and level of a contaminant present, as well as its bioavailability. The use of
bioluminescent bacteria, however, is not restricted solely to environmental uses. The transfer of
lux genes into other metabolic functions has been proven to help researchers determine how that
particular function occurs in the organism. In the future, such applications of bioluminescent
reporter strains may be applicable in large-scale projects.
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3. PRELIMINARY RESEARCH
3.1 NUMERICAL SIMULATION
3.1.1 BUGS SCRATCHPAD 1.1
Prior to the final development of the experimental apparatus, a numerical computer
model was used to determine if the project design was feasible. The model incorporated the
groundwater transport processes, advection and dispersion, with Monod bacterial kinetics in a
one or two-dimensional saturated steady state flow system (Fabritz, 1995). The computer model
used was BUGS Scratchpad 1.1, which can be run under Microsoft Windows. This program
simulates one and two dimensional fate and transport of multiple reactive solute and sorbed
species through groundwater, and incorporates chemical and biokinetic reactions in a saturated
steady state flow system. In order to sustain microbial growth and bioluminescence, oxygen,
salicylate, and additional nutrients were necessary in the pore fluid of the experimental medium.
A schematic of the simulated aquifer is shown in Figure 3.1. Results from the BUGS program
were used to determine the optimal concentration levels of oxygen, salicylate, and additional
nutrients that needed to be supplied in the medium pore fluid in order to successfully run the lab
experiment. A copy of the Product Information sheet for BUGS Scratchpad can be found in
Appendix A. 1.
As discussed in Section 2, the transport equation (Equation 3.1) will take into account
both mass transfer and mass transport during one-dimensional flow of a reactive species in a
porous medium:
,52C XC C
DM 2 -VW R(C' t)= (3.1)
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Since there are three substrates of concern in the situation under investigation (oxygen, nutrients,
and salicylate), Equation 3.1 must be applied to each one. Recall that, R(C,t) represents the mass
transfer processes of sorption and biological degradation.
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Figure 3.1 - Simulated Aquifer
There were three different sets of equations utilized in the BUGS program. The first set
of equations consisted of substrate injections, including oxygen, nutrients, and salicylate injected
41
into the system uniformly along the entire side surface. These equations were equality equations,
where the concentration of the substrate was set to a certain value.
The second set of equations dealt with microbial growth and decay. In this case it was
more difficult to determine which models were applicable to the situation. For microbial
growth, the Monod Kinetics Model was incorporated. Double Monod kinetics (Equation 3.2)
was utilized since there were two limiting substrates to the bacteria. In the experimental set-up
used for the project, the two limiting substrates were oxygen and nutrients. The biomass
concentration, dX/dt, was a result of both biomass growth and decay (-kdX).
dX X(k C0 2  Cnutrients -- kd )dt C0 2 +Kso 2 Cnutrients+Ksnutrients (3.2)
Where
k - Maximum substrate utilization rate
X - Biomass concentration
Co 2 - Concentration of oxygen
Cnutrients - Concentration of nutrients
Ks - Half saturation constant
kd - Biomass death rate constant
The final set of equations was used to model bioluminescent reactions. These can be represented
by Competitive Monod kinetics. Equation 3.3 was considered optimal in the bioluminescent
reaction since there is a non-growth substrate (salicylate) competing with the growth substrates
(oxygen and nutrients) for enzyme active sites:
dC1 = kX C, C,
dt (Ks 1+C1+Ks1CI/Ksi) (Ks 2 +C2) (3.3)
Where
Ci - Primary substrate concentration - Oxygen
C2 - Secondary substrate concentration - Nutrients
Ci - Inhibitor concentration - Salicylate
Ks1 - Saturation constant for primary substrate
Ks2 - Saturation constant for secondary substrate
Ksi - Saturation constant for inhibitor (M/L 3 )
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3.1.2 EXPERIMENTAL CONCERNS
There were a number of experimental concerns with the set-up being developed for this
project. The concentration of the substrate (salicylate) flowing through the system had to be low
enough to avoid toxicity problems with the bacteria. Also, the amount of nutrients and oxygen
flowing into the system had to be carefully determined. Additionally, to maintain
bioluminescence, initial oxygen levels had to be high enough during critical stages of the
experiment. Therefore, a combination of flow rate and concentrations through the system were
the factors determining whether or not the bacteria would survive in the experiment. Alternately,
an excess of bacterial growth would be problematic, since soil properties might be adversely
affected by an overload of biomass. Therefore, the ideal system is a "steady state" system,
where the number of bacteria dying is as close as possible to the number of bacteria being
created. Finally, the rate at which bacteria metabolize the substrate had to be considered. Two
different strains of bacteria are simulated; One glows in the presence of the substrate, while the
other metabolizes the substrate (and glows) when in contact with the medium.
3.1.3 SCENARIOS
Four different scenarios were simulated with the BUGS Scratchpad program, each
combining one of the two bacterial strains with one of the two system configurations. The
scenarios combining the different bacterial strains and systems are shown in Table 3.1. Scenario
2, with the bacteria being injected into the model aquifer system, was incorporated into the actual
laboratory experiment. Appendix A.2 shows the inputs necessary to run the computer
simulation; all of the required parameters were researched from the literature.
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Table 3.1 - Scenarios Simulated with BUGS Scratchpad
3.1.4 SIMULATION RESULTS
When analyzing data from the computer model simulation, a few aspects of the simulated
experiment were checked. First it was verified that the bacteria were not dying before the
salicylate reached the end of the system. If this occurred, the flow rate or concentration levels
needed to be adjusted. Additionally, the oxygen rates could not drop below the saturation range
of 5 - 12 mg/L or the bacteria would become inactive immediately. Finally, the system also had
to supply sufficient amounts of nutrients to support microbial life. When all of these conditions
were satisfied, the system was considered to be optimal.
3.1.4.1 SCENARIO 1 - BACTERIA SORBED TO SOIL/ NO DEGRADATION OF
SALICYLATE
Any flow rate less than 1.73 m/d (2x 10-5 m/s) was not applicable in the experiments run
during this project because the oxygen levels at low flow rates were not sufficient to support
bacterial growth and, therefore, bioluminescence as well. In this scenario, the optimum flow
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Bacteria Strains
Bacteria do not Bacteria
degrade degrades
substrate substrate
. Bacteria sorbed to
soil, Substrate 1 3
flowing into system
Bacteria injected
into system, 2 4
Substrate in soil
rates for the bacteria that do not degrade the salicylate and are sorbed to the soil are greater than
or equal to 1.73 m/d (2x10 5 m/s).
There were several important observations noted while running these simulations. As the
flow rate was increased, the concentration of nutrients could be decreased. With a higher flow
rate, the injected nutrients reached the outlet end of the simulated aquifer (box) more quickly and
were able to support the bacteria. Alternately, if the nutrient concentration remained high, an
undesirable amount of biomass formed.
The optimal initial 02 concentration was found to be 10 mg/L for these simulations.
Water saturated with oxygen is typically found in the range of 5 - 12 mg/L. Therefore, the
injected concentration of oxygen could not exceed 12 mg/L, and the goal was to keep the desired
oxygen concentration within the apparatus greater than 5 mg/L. A higher concentration level of
oxygen would allow for a more intense bioluminescent response. To attain the lowest biomass
mortality, injecting oxygen at 12 mg/L was found to be the best procedure. Again, as the flow
rate was increased, the concentration of oxygen injected could be gradually decreased.
The bacteria strain being used in the experiment, Pseudomonas fluorescens 5RL, is
typically grown in a mixture containing 1000 mg/L (1g/L) of nutrients. These bacteria can
generally survive over a large range of nutrient concentrations, however the researchers who
developed the bacteria strain recommend using a solution containing between 500 - 1000 mg/L
of nutrients(glucose). The initial nutrient concentration in the system was maintained at 1000
mg/L, while fresh nutrients were injected at a concentration of 500 mg/L since simulations run at
lower concentrations proved to be unsuccessful (i.e. bacteria were unable to survive).
For this scenario, no salicylate was present in the box prior to the injections. The
injection concentration of salicylate was maintained at 10 mg/L. The BUGS program can not
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predict the amount of light emission that will ultimately be produced by the bioluminescent
bacteria. However, as noted in Section 2.2, research has shown that the bioluminescent response
of bacteria is proportional to the concentration of salicylate. Thus, for these simulations, the
concentration of salicylate is assumed to be directly proportional to the amount of
bioluminescence.
Another useful feature of the BUGS program is its ability to visualize reaction changes
over time. The amount and rate of microbial growth and decay, as well as the salicylate,
nutrient, and oxygen concentrations through the system could be observed during any time step.
This feature was useful in determining exactly at what point in space and time the bacteria were
not receiving sufficient components for growth and survival. It was found that a flow rate
greater than or equal to 1.73 m/d (2x10-5 m/s) would allow the bacteria at the end of the system
to be viable when the salicylate and oxygen reached them.
3.1.4.2 SCENARIO 2 - BACTERIA INJECTED/ NO DEGRADATION OF
SALICYLATE
In this scenario, the reverse setup from Scenario 1 was investigated. Thus, bacteria were
injected into the system and the salicylate was held within the soil particles. The biomass was
found to decrease at a much slower rate as bacteria were injected into the system, in comparison
to the previous scenario where bacteria were sorbed to the soil. In the first scenario, the bacteria
consumed oxygen in the initial liquid medium at the downstream end of the system while
immobilized on the soil particles, and began dying before the oxygen in their vicinity was
replenished. In the second scenario, however, the bacteria were not waiting without oxygen.
Instead, they were injected in a solution combined with oxygen and nutrients and therefore had a
better chance of survival.
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Since the bacteria do not consume all of the nutrients initially in the system, initial
nutrient levels could be decreased in this scenario. It was observed that, if the nutrient levels
were decreased too low, the biomass concentration decreased significantly, then leveled off to a
steady state. Injecting a higher biomass concentration could alleviate this problem.
3.1.4.3 SCENARIOS 3 & 4 - SALICYLATE DEGRADATION
For the last two scenarios, bacteria that metabolize salicylate were used. Even with an
extreme variation in flow rates and concentrations, the metabolizing rate was so low that little to
no affect on the amount of salicylate flowing through the system was observed. Hence it was
concluded that it would take the bacteria a long time for complete consumption of salicylate to
occur under these operating conditions.
3.1.5 SUMMARY
For the scenarios investigated in this project, the optimal flow rates were found to be
greater than or equal to 1.73 m/d (2E-5 m/s). The nutrient and oxygen concentration levels are
dependent on the particular flow rate being used. Additionally, the concentration of oxygen must
be between 5 and 12 mg/L to ensure that decreases in bioluminescent response and bacteria
decay do not restrict the system. Many of the necessary microbial flow variables were researched
prior to running the computer simulations. As a result, the BUGS Scratchpad program proved to
be an excellent stepping stone and learning tool for the laboratory experiments.
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3.2 EXPERIMENTAL LABORATORY WORK
3.2.1 TOXICITY TESTS
3.2.1.1 CRYOLITE
The ideal porous medium for visualization of microbial transport for this project is a soil
that simulates a natural sediment and allows light to pass unhindered through it. The porous
medium identified with these characteristics was cryolite. Several tests were done to determine
if cryolite would, in fact, be a suitable porous media for this experiment. In order to sterilize the
entire system, cryolite had to be able to withstand autoclaving. No evidence was observed that
autoclaving had any effect on the cryolite. A toxicity test was also performed to determine if
Pseudomonasfluorescens, strain 5RL would survive in the presence of cryolite. The soil, liquid
medium, and bacteria were added to test tubes and checked to see if the bacteria lived and/or
grew. A number of different soil types were tested including a natural cryolite sample from
Ward's, a synthetic cryolite sample, and glass beads. The rubber material being used to seal the
flow tank apparatus from leaks was also tested for toxicity. Since cryolite is currently used in
powder form as a pesticide, the trials were run testing both the soil particle size and the powder
to determine if the particle size would have any effect on the bacteria's survival. Additionally,
two different liquid mediums were used, YEPG and a minimal salt medium. The YEPG media
contains glucose (1 g/L), peptone (2 g/L), yeast extract (0.2 g/L), NH 4NO 3 (0.2 g/L), tetracycline
(14 mg/L), and tris buffer to pH 7; and the minimal salt mixture consists of MgSO 4 (1 g/L),
NH 4NO 3 (0.2 g/L), glucose (1 g/L), trace element solution (0.1 mL/L), and tris buffer to pH 7.
The initial optical density (OD) was recorded at a wavelength of 546 nm with a
spectrophotometer, and the test tubes were put on a shaker overnight at 125 rpm to grow.
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Upon checking the final OD, it was determined that growth occurred in all glass bead and
synthetic cryolite powder and soil sized particle trials. Growth was also observed in all minimal
salt medium trials. In the YEPG trials, however, there was no growth in the rubber seal, or
Ward's natural cryolite soil and powder sized particles. The lack of growth with the Ward's
natural sample was attributed to impurities in the natural cryolite sample. These results are
shown in Appendix B. 1, Toxicity of Soil Particles on the Growth of 5RL. The results from the
toxicity tests described above demonstrated that the bacteria would be able to grow and survive
in the synthetic cryolite chosen for use in the experiment. See Section 4.1.4 for more details on
cryolite.
3.2.1.2 BUFFER
Phosphate buffer was originally used in the pore liquid medium to maintain the pH at 7.
However, due to phosphate's ability to dissolve the alginate gel being used with the scintillation
work (Section 3.2.3), a new buffer had to be found. Tris buffer was chosen as a replacement,
and another toxicity test was run to determine if the bacteria would live in the liquid mediums
containing tris buffer. This toxicity test included a third liquid medium with the YEPG and
minimal salt medium, called maintenance medium. Maintenance medium consists of SrCl2 (666
mg/L), NH4NO 3 (100 mg/L), glucose (10 mg/L), peptone (20 mg/L), Na 2 SO 4 (7.2 mg/L),
tetracycline (28 mg/L), and tris buffer to pH 7.
Table 3.1 displays the results of this test. The optical density (OD) of the solution was
obtained at a wavelength of 546 nm using the spectrophotometer. The bacteria were able to
survive and grow in the YEPG, as the OD rose with an increase in time. They were also able to
grow in the minimal salt mixture, but at a much slower rate. Due to the lack of carbon source,
the maintenance medium enabled the bacteria to survive, but not grow. These results proved
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advantageous since they demonstrated that the bacteria should be viable, but not growing while
the experiment is running. Therefore, the maintenance medium was selected as the liquid
medium to be utilized during the experiment.
Table 3.2 - Bacterial Growth with the Use of Tris Buffer
3.2.2 ALGINATE IMMOBILIZATION PROCESS
Many techniques to immobilize living microorganisms have been developed in the past.
Some of these immobilization methods include physical entrapment, adsorption, aggregation,
and physical or chemical bonding to a structure (Kuhn, et al, 1991; Rehm & Omar, 1991).
Immobilization is the retention of a biological element within a system. The use of alginate gel
has been shown to be a promising and basic method of entrapping cells (Smidsrod & Skjak-
Braek, 1990). This technique was used to immobilize the bioluminescent strain Pseudomonas
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Tris Buffer
Optical Density - at 546 nm Result:
YEPG +Tris Buffer + 5RL
# 9-Jun 11-Jun 14-Jun 16-Jun
1 0.0125 0.1001 0.2466 0.4352 Bacteria Grow
2 0.0135 0.0939 0.3509 0.3611
3 0.0123 0.0796 0.4938 0.4825
Min. Salt Medium + Tris Buffer + 5RL
# 9-Jun 11-Jun 14-Jun 16-Jun
1 0.0159 0.044 0.1075 0.0703 Bacteria Grow- slower rate
2 0.0163 0.0472 0.1072 0.0755
3 0.0213 0.0373 0.1083 0.0737
Maintenance Medium + Tris Buffer + 5RL
# 11-Jun 14-Jun 16-Jun
1 0.0461 0.0376 0.0244 No Growth (but viable)
2 0.0414 0.0383 0.0264
3 0.0443 0.038 0.0318
fluorescens, 5RL during the preliminary tests to determine the rate of bioluminescence over time.
The alginate immobilization process helps attach bacteria to a surface, such as glass beads or
soil, with the alginate gel. Alternatively, it can be used to create a bead of its own with a
bacteria/alginate mixture.
Alginate bead formation started with the preparation of a I % sodium alginate solution.
Bacteria cells were concentrated by centrifugation at 9,000 rpm for 10 minutes. The bacterial
pellet was then re-suspended in the alginate solution until uniformly mixed throughout. Two
different "beads" were formed: (1) glass beads covered with the alginate and bacteria mixture,
and (2) solid alginate beads filled with bacteria. The glass beads were formed by individually
dipping the glass beads into the alginate solution, removing them, then placing them into a 0.2 M
CaCl 2 solution to stabilize the gel. Individual alginate beads were produced using a syringe to
drop individual beads into the calcium chloride solution. A schematic of the alginate entrapment
procedure is shown in Figure 3.3. The size and shape of the beads were dependent on the
viscosity of the sodium alginate solution and the distance the bead was dropped from the syringe
to the calcium chloride solution (Smidsrod & Skjak-Braek, 1990). If the syringe was held at a
constant height and squeezed with constant pressure, then the bead size was relatively uniform
with a diameter of 2 mm.
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Figure 3.2 - Procedure for Alginate Immobilization
3.2.3 BIOLUMINESCENCE vs. CONCENTRATION OF SALICYLATE
OVER TIME
Alginate beads containing bioluminescent bacteria were used in preliminary research to
determine the dependence of cell numbers and concentration of salicylate on bioluminescence
over time. The beads were used primarily because of ease of handling, and because they can
hold a relatively constant number of bacteria per bead. Additionally, the nature of the alginate
gel is very porous, which allows salicylate to be transported through the alginate matrix and
reach all of the cells. Growing bacteria in a liquid medium before each trial does not guarantee a
similar cell count. Even with the cell count being adjustable, the process is much more labor
intensive than preparing one large batch of alginate beads that will contain a relatively similar
bacteria count in each one.
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3.2.3.1 SCINTILLATION COUNTER
The scintillation counter was used in this work to determine the time between inoculation
of bacteria with salicylate and the onset of light emission. Determining the amount of time
before the glowing occurs was of great importance before running the experiment. Knowing
whether the bacteria will glow immediately upon contact with salicylate, or a set amount of time
after exposure, was necessary to interpret the images collected during the experiment.
The scintillation counter was used to determine the change in bioluminescence over time
at varying concentrations of salicylate. The scintillation counter is an instrument that measures
light emission produced in a solid, liquid, or gas by an ionizing particle. Primarily, it is used to
measure light production as a result of radioactive decay events (Birks, 1964). With this
research, however, the scintillation counter was used to measure the amount of light being
emitted from the bioluminescent bacteria.
There are a number of different scintillation counters, but all have the same two basic
components. The first is a light pulse from the material being tested. Flashes of light are
produced in many materials when combined with certain chemicals to demonstrate a radioactive
decay event. This light is typically detected by a photomultiplier, which converts the light into a
pulse of electric current. Electrons are emitted from the photocathode, a light sensitive electrode,
when the light photons hit it. The number of electrons emitted is then counted and displayed as
Counts Per Minute (CPM) ("Triumf Safety Group").
3.2.3.2 PROCEDURE FOR SCINTILLATION WORK
One or two alginate beads were placed in scintillation vials with ml of maintenance
medium. Salicylate was added to the vials at varying concentrations (0.0005 - 30 mg/L). The
time at which bacteria first came into contact with the salicylate was recorded, and the vials were
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placed in the scintillation counter for several days. These tests were run on the Packard liquid
scintillation counter in the Radiation Protection Office at MIT.
3.2.3.3 RESULTS
The addition of salicylate to the bioluminescent bacterial strain 5RL produced a huge
increase in bioluminescent activity. The maximum value of bioluminescence was found to be
quite similar for all tests run with salicylate concentrations greater than 0.5 mg/L. Additionally,
as expected, as the concentration of bacteria was increased, luminescence occurred at a quicker
rate (Figure 3.4). In the vials with two beads, containing roughly double the number of bacteria,
the bioluminescent cells started glowing more rapidly. Although the difference in response was
not dramatic, all of the vials for all trials containing 2 alginate beads started to glow slightly
before those containing only one alginate bead.
Concentration - 0.5 mg/L Salicylate
(From Trial M)
120,000,000
+100,000,000 -
80,000,000 -- One bead- A
-U- One bead- B
0- - Two beads- A
40,000,000 - X Two beads- B
0
0 100 200 300 400 500 600 700
Time (min)
Figure 3.3 - Difference in Response Time for Bioluminescence
due to Concentration of Bacteria
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A large lag time before bioluminescence occurs was found. This lag time was of concern
in running the actual experiment. Therefore, a set of trials was run to test the ability of the
bacteria to glow when re-introduced to the salicylate/maintenance medium mixture. The bacteria
were introduced to a salicylate/maintenance medium mixture and left for 10 days. The medium
was poured out and new salicylate/maintenance medium mixture was added to the bacteria.
Upon being re-introduced to the salicylate, the bacteria started glowing immediately. Hence,
there was no lag time before the second onset of bioluminescence. Figure 3.4 shows the
difference in lag time between Trial D, where the bacteria were previously introduced to
salicylate, and Trial E, where the bacteria were being exposed to salicylate for the first time. The
bacteria in Trial E (Figure 3.4) took over 1,000 minutes to begin glowing. The bioluminescent
bacteria already exposed to salicylate (Trial D), however, began to glow immediately. This
finding was extremely important for this project because it demonstrated that the bacteria can be
grown in salicylate with the YEPG medium (described in 3.2.1), and when it was time to run and
image the experiment, bioluminescence would happen simultaneous to the flow of the liquid.
Therefore, it would be possible to associate light intensity with flow in the soil.
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2 Alginate Beads - 1 mg/L Salicylate
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Figure 3.4 - Difference in Bioluminescent Emission for Varying
Salicylate Inoculation Times
The results from Trial D were reproduced with Trial L. Figure 3.5 shows the two trials at
a salicylate concentration of 1 mg/L. The slight variation may be due to a small difference in
bacteria cell concentration within the alginate beads. However, the immediate bioluminescent
light emission upon being re-introduced to salicylate occurred for all concentrations of salicylate.
Figure 3.6 illustrates this immediate light response for a number of different salicylate
concentrations from Trial D.
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Figure 3.5 - Bacteria Previously Introduced to Salicylate (1 mg/L)
Also worth noting are the double peaks found in the prior Figures. A curious
phenomenon, these double peaks were found in all trials. Additionally, when the bacteria were
left in the scintillation counter for larger period of times (> 2,000 minutes), a slight cyclic
peaking would occur (Figure 3.7). The peaks occurred after bioluminescence had dramatically
decreased and tended to increase as time went on, however, this phenomenon was not dependent
on salicylate concentration. Instead, it may be attributable to some aspect of the bacteria's
growth cycle.
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Figure 3.6 - Bacteria Glowing Immediately for all Salicylate Concentrations
Trial D - 2 Alginate Beads -
Varying Concentration of Salicylate
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Figure 3.7 - Light Emission Peaking as Time Increases
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Previous research with this bioluminescent strain by other research groups has shown that
there is a threshold of bioluminescence at which there is no further increase in light intensity.
The plateau of bioluminescence found with this scintillation work was around 550,000,000
Counts per Minute (CPM) for two alginate beads (Figure 3.8). The concentration of salicylate at
which point the amount of bioluminescence leveled off was found to be around 0.5 mg/L. The
maximum bioluminescent response (max CPM) was determined for all trials and levels of
salicylate concentration. Figure 3.8 shows the average maximum value for all trials run at the
different concentrations of salicylate. Figure 3.9 shows similar results found with two separate
batches of alginate beads. Since the number of bacteria could not be guaranteed to be the same
within each bead for each batch of beads that were made, the results could not be combined.
Therefore, Figure 3.9 compares the results from two separate batches of alginate beads. In both
of these trials, two alginate beads were used in each scintillation vial.
Average Maximum Bioluminescence-
Two Alginate Beads
600,000,000
S500,000,000
400,000,000
3--+1st Alg.Bead300,000,000
200,000,000
0
0 5 10 15 20 25 30
Concentration of Salicylate (mg/L)
Figure 3.8 - Plateau of Bioluminescence
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Figure 3.9 - Threshold Concentration of Salicylate
The results obtained from the scintillation counter were useful in designing the actual
laboratory experiment. By inoculating the bacteria growth medium with salicylate, the bacteria
were inclined to have an immediate light response when re-introduced to salicylate. These
results suggest that the bioluminescent response is highly dependent on bacteria cell count and
the available oxygen concentration. As the oxygen was depleted in the scintillation vials, the
bioluminescent response decreased as well. Therefore, the laboratory experiment must
incorporate a steady source of oxygen with a relatively high cell concentration. The flow rate
ranges suggested by the computer simulation were good initial values to test. All of the
preliminary research described served as a good starting point for the investigation of microbial
transport through porous media.
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4. EXPERIMENTAL DESIGN
4.1 APPARATUS DESIGN
While the preliminary research was being conducted, the experimental design was
continually being altered and improved. The final system is shown in Figure 4.1. Each
component of the setup contributes to the overall effectiveness of the system.
Figure 4.1 - Apparatus
The equipment setup allows for direct visualization of microbial transport through a porous
medium. Due to the results from the computer simulated model described in the Preliminary
Research Section (3.1), scenario 2 with the bacteria being injected into the soil system was
incorporated into the system. In order to keep the bacteria viable, they were given a supply of
oxygen as they waited for the pump to send them through the box and into the soil.
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4.1.1 OVERVIEW
Figure 4.2 shows a schematic of the overall experimental operation. With the aerator and
diffuser adding oxygen to the liquid medium in the 5-liter carboy, the pump begins moving the
liquid through the system. The liquid flows through " tubing into the entry chamber and
uniformly passes through the series of 1/8" holes to the porous media. The liquid passes through
the soil and then flows into the exit chamber and out through the discharge hole on top.
EXPERIMENTAL UPERATlN
FLOW TANK
DISCHARGE
CONTAINER
CARBOY
WITH BACTERIA
SARROWS REPRESENT
DIRECTION OF FLOW
Figure 4.2 - Schematic of Experimental Operation
When the pump is first started, the discharge tubing is clamped shut and the lower side
opening at the entry chamber is opened. By having this side opened, it allows the initial liquid in
the tubing to be discharged without having it in contact with the soil. Once the bacteria or food
coloring tracer fill the entry chamber uniformly, the experiment begins by clamping the side
tubing and opening the discharge tubing. Figure 4.3 illustrates the basic flow operation during
the steps of the experiment.
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Figure 4.3 - Flow Operation
4.1.2 BOX
The flow tank uses the transparent porous medium (Section 4.1.5) to simulate one and
two-dimensional groundwater flow in an aquifer. The flow tank was designed to allow the liquid
medium to flow uniformly across the box. The liquid enters an open chamber through the entry
port on top. The liquid fills the chamber and flows through 1/8" holes to distribute the flow
uniformly across the entire height and width of the box. The inner dimensions of the box are 12"
x 2.5" x .75". Figure 4.4 shows a picture of the front of the box. The overall box dimensions
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can be found in Appendix C. 1. Flow continues through the soil in the box to a series of outlet
holes identical to those at the inlet. The liquid fills up the discharge chamber and exits the box
through a " discharge on the top of the box. One quarter inch holes are also located on the
lower sides of the two chambers (entry and exit) and connected with 1/16" tubing to facilitate
flow if necessary. These are clamped shut during flow operation.
-0
Figure 4.4 - Flow Tank
The flow tank was built with Polycarbonate (Lexan). RTV was used to seal all of the
joints except the back face. The open face on the back of the box was sealed with a rubber
gasket and a series of screws. Access through the back panel to the inside of the box was
necessary for cleaning and sterilizing the system.
4.1.3 PUMP
A peristaltic variable flow mini pump was used to facilitate flow through the system
(Figure 4.5). The pump is self-priming and bi-directional. Use of this pump allowed flow to be
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regulated at low flow rates. In addition, the pump ensured that the bacteria only came into
contact with the pump tubing on their way into the medium. Two pumps were purchased, one
for slower flow rates (slow pump) and the other for slightly higher flow rates (medium pump).
Utilization of a particular pump was dependent on which flow rate was to be tested.
Specifications on the pump used can be found in Appendix C.2.
Figure 4.5 - Peristaltic Flow Pump
4.1.4 TUBING & CONNECTORS
One quarter inch autoclavable tubing was used to direct flow from the 5-liter carboy
through the peristaltic pump and into the box. This tubing was also used in the discharge of the
pore fluid at the far end of the box. Each series of tubing was attached to 1/8" x " Kynar pipe
adapters that were screwed into the box openings. 1/16" tubing was utilized on the side openings
to allow for emptying the entry and exit chambers. " x 1/16" Kynar pipe adapters were used at
these locations to direct the flow outward. All pipe adapters were purchased from Cole Parmer.
A small length of tubing, supplied with the pump, was used to connect the %" tubing
from the carboy to the pump, and from the pump to the box. A number of different tubing sizes
were included with the pump. These pump/tubing connectors varied in inner diameter from
1/50" to ". By changing the area of the fluid flow, allowance was made for a large range of
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flow rates through the box. The flow rates could range from 0.3 to 85 mL/min, depending on the
particular pump (slow vs. medium speed).
4.1.5 POROUS MEDIA - CRYOLITE
As noted in Section 3.2.1.1, the ideal porous media for direct visualization of microbial
transport for this project is a medium that simulates natural sediment flow and allows light to
pass unhindered through it. The porous media chosen with these characteristics was cryolite
(Na 3AlF 6). Cryolite is a rare mineral found primarily in Greenland, although small formations
have been located in other parts of the world. It is transparent to translucent and has a vitreous or
greasy luster. Cryolite is a halide with uneven fracture and no cleavage, and has a specific
gravity of 2.97 (Pellant, 1992).
Cryolite's main advantage to this project is that it has an index of refraction similar to
water. Therefore, it can be used to simulate flow through the subsurface, while at the same time,
permitting visual observation of what is happening 'in the ground'. Previous work has been
done to develop an experiment modeling chemical reaction transport through a transparent
porous media (Molnar, 1998). This work looked at a number of possible transparent porous
media ranging from quartz to glass. However, these soils required a pore fluid other than water
to match the index of refraction. Because it was necessary that the bacteria were able to survive
in the pore fluid, these options could not be employed here. Use of the transparent soil, cryolite,
meant that the bacteria could survive with water as the pore fluid. Additionally, it was felt that a
combination of a natural rock (cryolite) saturated with water would best represent a natural
groundwater system.
Locating a 'pure' transparent sample of cryolite proved to be quite difficult. Large
chunks of the rock could be obtained relatively easy, but the quality of these chunks was poor.
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High quality cryolite was only found in smaller portions than what was needed. As a result,
synthetic cryolite was utilized. Sodium hexaflouroaluminate (Na 3AlF 6) was purchased from Alfa
Aesar in 2 to 12 mm lumps. These pieces of cryolite were much more uniformly colored
throughout than the natural cryolite. Since cryolite is a soft mineral, with a hardness of 2 , the
cryolite pieces were easily crushed down to soil sized particles. Once crushed, the cryolite was
sieved and sorted to a given particle size distribution. The particle sized used was medium-fine
sand between 0.71 - 1.19 mm. Much of the crushing, however, led to a large amount of cryolite
powder. This powder is currently used and sold commercially for pesticide usage. To make sure
the cryolite was safe for the bioluminescent bacteria, a series of toxicity tests were run (see
Section 3.2.1). Through these tests, the bacteria were found to be able to grow and live in the
presence of the synthetic cryolite in both powder and soil size particles.
4.1.6 BACTERIA -Pseudomonasfluorescens 5RL
The bioluminescent bacteria utilized in this project were Pseudomonas fluorescens 5RL.
This strain was obtained from the University of Tennessee's Center for Environmental
Technology. This bioluminescent strain was chosen due to its ability to glow when in contact
with a non-hazardous chemical, salicylate. To avoid the issues of hazardous waste handling,
cleanup, and disposal, strain 5RL was chosen over other bioluminescent strains. The actual
mechanisms on the bacteria's light emission can be found in Section 2.2.
4.1.7 AERATOR
Since a major component in the bioluminescent reaction is oxygen, a steady supply of
oxygen had to be available to the bacteria. The oxygen was pumped into a 5-liter carboy that
was used to store the bacteria, with the use of an aerator that is typically used in fish tanks. The
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Second Nature Whisper 500 Aquarium air pump was connected with 1/16" tubing to a diffuser
placed into the carboy containing the liquid medium. The diffuser was employed to make the
oxygen more accessible to the bacteria.
4.1.8 DIGITAL CAMERA
The MagnaFire camera, a cooled CCD digital camera produced by Optronics, was used
to capture the bioluminescent microbial plumes. This digital camera uses the fire wire
technology and provides real time display on the computer for adjusting the picture and focus.
This particular camera was chosen due to its ability to capture the low levels of light being
produced by the bacteria. The camera was able to capture images (1280 x 1024 pixels) in either
8 or 10 bits. By taking the photos with 10 bits, more data could be obtained, and a larger range
of bioluminescent intensity captured. Since there was only a small range of pixel intensities that
the bacteria emitted, a larger range was more useful in analyzing the microbial transport.
Additionally, the exposure time for the MagnaFire camera to capture the image ranges from
171.51 ps to 26 minutes. Each bioluminescent image was captured in 1.5 minutes, which
allowed for a greater number of images to be recorded over the time scale of an experiment.
Problems arose with the camera and its accompanying computer software during the
initial filming of the bioluminescent bacteria. Careful adjustments to the distance of the bacteria
from the lens and the actual opening of the aperture of the lens had to be made. Additionally,
some noise being transmitted through the camera interfered with the bioluminescent output. The
two signals were close in intensity range and made it difficult to distinguish the difference
between the bioluminescence and the noise. Since the noise was due to internal camera issues, it
was unavoidable. Therefore, the noise was subtracted from each image captured using the image
analysis software. Once these issues were dealt with, the camera proved to be a great asset.
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Figure 4.6 shows an image captured using the MagnaFire digital camera of the bacteria glowing
in the cryolite. The darker individual soil particles can be seen, but the pure cryolite particles
blend in with the pore fluid, allowing for the visualization of the microbial groundwater plume.
Figure 4.6 - Bacteria Glowing in Cryolite - Image from Digital Camera
A Pentax P3 0T 35mm camera was also used for a series of still photographs with 800-
speed film. By keeping the shutter open for a period of 10 to 20 minutes, the bioluminescence
was captured on film. Because of the necessary exposure times, this camera could only be used
to capture the bacteria glowing, not track their movement.
4.1.9 ANALYSIS OF DATA
The analysis of the images taken by the MagnaFire digital camera was accomplished with
the ImagePro software from Media Cybernetics. This software package contains a range of
counting, sizing, and image enhancement tools for processing the digital images. A useful
feature in the program is its ability to capture the images taken by the digital camera. Therefore,
the pictures taken with the camera would be directly downloaded and saved without having to
use the camera's software to manually save each image. Unfortunately, the driver for this
feature was not completely developed at this time, but in the future it will be a time-saver by
allowing the user to set the amount of exposure, the time between capturing images, and the total
amount of images to record.
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4.2 EXPERIMENTAL PROCEDURE
4.2.1 PREPARATION
A number of tasks had to be performed prior to running the experiment. The first step
was to completely sterilize all equipment. Sterilization was accomplished by autoclaving the
majority of the equipment. The parts that can not withstand the high heat and pressure of
autoclaving were washed with ethanol and rinsed with sterile water. Sterilization of all the
equipment was important to ensure that bioluminescent strain 5RL is the only microbial source
in the system, and that no foreign microbial communities developed. Bioluminescent strain 5RL,
contains a tetracycline resistance which serves as a secondary sterilization feature within the
experimental system. Tetracycline is toxic to most microbial species, but the tetracycline
resistance gene allows 5RL to survive in the presence of tetracycline. Therefore, a small
concentration of tetracycline (14 mg/L) was added to the bacteria growth medium and the pore
fluid to kill all foreign microbial species other than 5RL.
This secondary sterilization feature was extremely important since the next step involved
packing the box with cryolite soil particles. The cryolite was autoclaved, however, complete
sterilization during packing could not be guaranteed due to air exposure and human handling.
Packing of the box was a time consuming process. Once the soil was in the box, the cover was
screwed shut. The box was then knocked against the table to expedite any settling of the soil
particles that might occur. The box was then re-opened and the void spaces left by particle
settlement were filled. This process of packing, re-sealing, and settling continued until there was
no more void space within the box.
The bacteria were grown in a liquid YEPG medium at room temperature over night into a
thick culture. As noted in Section 3.2.1, the YEPG liquid medium consisted of glucose (1 g/L),
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peptone (2 g/L), yeast extract (0.2 g/L), NH4NO 3 (0.2 g/L), tetracycline (14 mg/L), and tris
buffer to pH 7. As a result of the data gathered from the scintillation counter (see Section 3.2.4
for details), salicylate (10 mg/L) was also added to the growth media. By inoculating the
bacteria with salicylate while growing, the bacteria were able to bioluminesce immediately when
re-introduced to salicylate at later times.
This immediate bioluminescent response is advantageous because, later on during the
filming of the experiment, actual movement of bacteria through the soil can be captured
immediately upon contact with the salicylate, and not at some later time. Once grown, the
bacteria were placed in the 5-liter Nalgene carboy with the aerator diffuser in the liquid. Figure
4.7 shows the bacteria glowing in the carboy.
Figure 4.7- Bioluminescent Bacteria in Liquid Medium
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Once packing of the box was complete, the box had to be completely saturated with a
sterile liquid. The box was connected to the pump and autoclaved water was sent through the
system. Figure 4.8 shows the box being saturated with water at three different times. Note, that
forcing all of the air out of the system was extremely important in obtaining an accurate
representation of saturated groundwater flow.
Figure 4.8- Saturating Soil with Fluid
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4.2.2 TRACER TEST
A color tracer test was run prior to each microbial transport trial at the same flow rate.
The color tracer tests were run for comparison with the microbial transport tests. This
comparison enabled a better understanding of the variations in transport of microorganisms and
chemicals. Blue food coloring was added to autoclaved water and pumped through the
experimental system as described by Section 4.1.1. A light source was placed behind the box
during the color tracer test to allow for a more uniform range of light to pass through the
transparent soil. Digital images of the food coloring were taken at varying time intervals. These
images were then analyzed in ImagePro and compared to the microbial tests to observe if
microbial transport models could be compared to traditional chemical tracer flow models.
4.2.3 MICROBIAL TRANSPORT
After the color tracer test had been completed, the box had to be flushed again. Prior to
sending the bacteria through the system, a sterile maintenance medium was flushed through the
soil to remove the color tracer. Representing the groundwater, the maintenance medium
consisted of SrCI2 (666 mg/L), NH4NO3 (100 mg/L), glucose (10 mg/L), peptone (20 mg/L),
Na 2SO 4 (7.2 mg/L), and tetracycline (28 mg/L). As mentioned in Section 3.2.2, the maintenance
medium allowed the bacteria to survive within the pore fluid, but not continue growth.
The entire experimental set-up was located in a completely dark, enclosed room. No
outside light was able to enter the room and interfere with the bacteria's natural bioluminescent
emission. Once the maintenance medium was completely flushed through the system, the
experiment began and the glowing bacteria in the carboy were pumped into the box. At this
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point, digital images were captured with an exposure time of 1.5 minutes using the MagnaFire
camera at varying time intervals to record the progress of the microbes through the soil.
4.2.4 ANALYSIS
Once the pictures were downloaded into the computer, the analysis of images began with
the use of ImagePro (Figure 4.9). The range of light intensity that was being analyzed was quite
small. Unfortunately, this range appeared to be similar to a small band of intensity (i.e. noise)
emitted from the camera.
Analysis of Each Digital Image Captured during Experiment
STEP 3
Image cropped to chosen AOI
Figure 4.9 - Steps Taken for Analysis of Microbial Plume
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This noise from the camera could be eliminated by subtracting an image of the box in the dark
taken prior to the start of the experiment from each image taken during the experiment. The
analysis program allowed an area of interest (AOI) to be chosen (Figure 4.9). A small horizontal
section of the middle of the box was chosen as an AOI and the pixel intensities of that section
were downloaded directly into an Excel spreadsheet. The data was then analyzed further to
determine dispersion coefficients and analyze flow patterns.
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5. RESULTS
The experimental procedure described in the previous section was used to investigate
microbial transport in porous media for a range of flow velocities. This range of pore fluid
velocities varied from 1.31E-5 m/s to 2.21E-4 m/s. The test series is summarized in Table 5.1.
Test # Flow rate Pore Fluid Optical Density Observations(m/s) Velocity (m/s) at 546 nm
2 1.50E-04 9.65E-05 0.2386 Oxygen depletion zone present
4 1.54E-04 1.09E-04 0.1953 Oxygen depletion zone present
Bacteria glowing throughout entire box, Oxygen
6 5.20E-04 2.21E-04 0.2329 depletion zone starts to appear at later time
Oxygen depletion zone present, glowing not very
7 2.83E-04 1.68E-04 0.1942 bright
Oxygen depletion zone present, glowing not very
8 2.42E-05 2.42E-05 0.2234 bright
Oxygen depletion zone present, bacteria glowing
9 2.69E-04 1.64E-04 0.2837 brightly
Table 5.1 - Summary of Test Series
5.1 - MICROBIAL PLUMES
A significant variation in light intensities was apparent from one test to the next. This
variation was a result of different bacteria cell concentrations and flow rates within the soil
system. Since bioluminescence is directly related to the concentration of bacteria, tests run with
a slightly higher cell count per volume of pore fluid will result in light emissions with greater
intensity. Flow rates are also related to the intensity of light emission. Slower flow rates allow
the bacteria to remain in the pore fluid for a longer period of time and therefore, consume the
interstitial oxygen before traveling any great distance in the soil. Once the oxygen is depleted,
all bioluminescence ends. Figure 5.1 shows the development of microbial plumes over time for
a test run at a slower flow rate, 1.3 1E-5 m/s. In comparison, Figure 5.2 shows the development
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of microbial plumes over time at a slightly faster flow rate, 1.64E-4 m/s. The faster moving
plume contained a higher bacteria cell concentration within the pore fluid. The combination of
an increased bacteria cell concentration and a faster flow rate resulted in a higher intensity of
light emission during this experiment. Plumes for other flow rates tested can be found in
Appendix D.1-D.4.
Figure 5.1 - Microbial Plumes at 1.31E-5 m/s
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Figure 5.2 - Microbial Plumes at 1.64E-4 m/s
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5.2 - TYPICAL EXPERIMENTAL DATA
To illustrate the form of data collected during each experiment, light intensity was plotted
against time at three different locations in the box. Figure 5.3 shows the change of light intensity
over time at 4, 10, and 16 centimeters from the inlet of the box for a flow rate of 1.64E-4 m/s.
Note, that the observed light intensity has an offset of approximately 1,700 pixels. The cause of
the offset is believed to be associated with internal noise in the camera. As the distance from the
inlet increases, the maximum light intensity decreases. This decrease is most likely due to the
steady consumption of oxygen by the bacteria. Plots of light intensity versus time at a specific
distance from the box inlet for all flow rates can be found in Appendix E. 1 -E.2.
Tracer Test #9 - Bacteria at 1.64E-4 m/s
0W 4,400
4,000
& 3,600
3,200 -
280--10 cm
~2,800
A -16 cm
2,400
U 2, 000
1,600
0 5 10 15 20 25 30
Time (min)
Figure 5.3 - Intensity vs. Time (Pore Fluid Velocity = 1.64E-4 m/s)
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5.3 - OXYGEN DEPLETION ZONE
5.3.1 DESCRIPTION OF OXYGEN DEPLETION ZONE
One of the controlling factors in the experiments was the presence and availability of
oxygen. Not only do the bacteria need oxygen for survival, but it is also essential for stimulating
the emission of bioluminescent light. Even with the addition of an aerator to increase oxygen
levels in the pore fluid entering the box, the oxygen concentration levels were not sufficient to
ensure that the bacteria continued to glow throughout each experiment. The degree at which
bacteria consumed oxygen varied with the microbial flow rate through the soil. At slower flow
rates, it was observed that the bacteria had more time to consume interstitial oxygen as they
traveled through the soil. As a result, oxygen levels dropped dramatically and bioluminescence
decreased in slow moving systems. Figure 5.4 presents the microbial plume for a flow rate of
9.65E-5 m/s. At early times in the experiment (i.e. soon after the bacteria had been introduced
into the system), oxygen levels are seen to be high and bioluminescence is at a maximum.
Nonetheless, as time goes on and oxygen is depleted, it can be seen that bioluminescence
decreases in the middle of the plume. However, it is also apparent that the front of the plume
continues to bioluminesce. This is because bacteria at the front of the plume are interacting with
oxygen in the pore fluid further along in the box. This pore fluid contained levels of oxygen that
enabled the bacteria to continue glowing. As would be expected, the oxygen depletion zone in
the experiments increased as time went on.
Each of the tests was analyzed using ImagePro to observe light intensity variations
within the microbial plumes and the depletion zone. The range of light intensity values for each
test was normalized based on the maximum and minimum intensities of that particular test. Each
color in the following figures represents a different range of light intensities. Table 5.2 shows
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which colors represent the maximum and minimum light responses. Figures 5.5 to 5.10 present
the microbial plumes for each flow rate with these normalized light intensities.
Figure 5.4 - Oxygen Depletion Zone (Microbial Plume at 9.65E-5 m/s)
Table 5.2 - Color Representation of Minimum and Maximum Light Intensities
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Light Intensity Color
DARK!! light pink
teal
purple
bright pink
yellow
orange
light green
grey
white
BRIGI IT!! black
Figure 5.5- Microbial Plume at 1.31E-5 m/s (Test #8)
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Figure 5.6 - Microbial Plume at 9.65E-5 m/s (Test #2)
83
Figure 5.7 - Microbial Plume at 1.09E-4 m/s (Test #4)
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Figure 5.8 - Microbial Plume at 1.68E-4 m/s (Test #7)
x bl2 tit(36 MIN
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Figure 5.9 - Microbial Plume at 1.64E-4 m/s (Test #9)
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Figure 5.10 - Microbial Plume at 2.21E-4 m/s (Test #6)
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5.3.2 ANALYSIS OF DATA
As previously noted, the observed oxygen depletion zone increased with time as the
microbial plume traveled through the soil. The time and location at which the oxygen depletion
zone began to appear can be expressed in terms of pore volumes (PV) of fluid injected into the
system. One pore volume of fluid describes the volume of fluid required to fill the entire pore
space within the system. The percentage of pore volumes a plume occupies can be described as:
PV = vt/L
When vt = L -> PV = 1
Where,
v = Pore fluid velocity (m/s)
t = Time (seconds)
L = Length of box (m)
Figure 5.11 describes the development of the width of oxygen depletion zone in terms of
BOX FILLED WITH SOIL
D RCT[F N % OF PORE VOLUME
CF FOW =vt-/L
PCRE HAS fILLED
x = vt FRONT OF MICROBIAL PLUME
BOX FILLED WITH SOIL
X = vt
X
ION w/vt % WIDTH OF OXYGEN
OF FLOW -DEPLE T ION ZONE
OVER ENTIRE PLUME
W O DTH F FRONT OF MICRO [3AL PLUME
OXYGEN DEPLETION
ZONE
Figure 5.11 - Description of Oxygen Depletion Zone in Terms of Pore Volumes
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normalized pore volume. The width of the oxygen depletion zone (w) as a function of injected
pore volumes if given in Figure 5.12 for the varying flow rates. At higher flow rates, the oxygen
depletion zone did not appear until 0.3 to 0.4 pore volumes had been injected into the system. At
slower flow rates (1.31E-5 m/s) however, the zone began to appear when just 0.035 pore
volumes had gone through the system. Note, that at the highest flow rate, no oxygen depletion
zone was observed.
Bacteria - Oxygen Depletion Zone
1
0.8 
- + 2.21E4 rn/s
;- 1.68E-4 m/ s
0.6-a
1.64E-4 m/s
0.4 - -- X 1.09E-4 m/s
- 9.65E-5 rn/s
C 1.31E-5 m/s
0 ----- ---- +- -----
0 0.2 0.4 0.6 0.8 1
vt/L (Pore Volume)
Figure 5.12 - Oxygen Depletion Zone for Varying Flow rates
5.4 - DISPERSION
Dispersion coefficients were determined for both the color tracer and the microbial
plumes. The dispersion coefficients were calculated from the standard deviation of the light
intensity versus time plots (Figure 5.3 and Appendix E. 1) (Domenico & Schwartz, 1998). The
coefficients were calculated at 4 cm and 10 cm from the box inlet and averaged together. The
calculated coefficients are listed below (Table 5.3) and plotted in Figure 5.13. Discrepancies in
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dispersion coefficients between the color tracer and microbial plumes may be attributed to the
decrease in light intensity within the oxygen depletion zone of the microbial plumes. The
dispersivity values (a) were obtained from the trend line in Figure 5.13 (y = ax, where y is the
dispersion coefficient, Dm, x is the pore fluid velocity). The dispersivity values for the color
tracer and microbial plumes were 0.0095 m and 0.0122 m, respectively. The dispersivity values
(see Equations 2.7 and 2.8) for the microbial plume corresponds to 12 -13 soil particle
diameters.
Dispersion Coefficients
Bacteria - Bacteria - Color Tracer - Color Tracer-
Pore Fluid Dispersion Pore Fluid Dispersion
Velocity Coefficients Velocity Coefficients
Trial (m/s) (m 2/s) (m/s) (m 2/s)
6 2.21E-04 5.68E-06 2.32E-04 1.91E-06
7 1.68E-04 5.98E-07 1.94E-04 1.70E-06
9 1.64E-04 3.34E-07 2.17E-04 1.94E-06
2 9.65E-05 4.17E-07
4 1.09E-04 6.92E-07 1.09E-04 2.17E-06
8 1.31E-05 2.38E-08 1.80E-05 1.15E-07
Table 5.3 - Dispersion Coefficients
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Figure 5.13 - Dispersion Coefficients for Color Tracer and Microbial Plumes
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5.5 - COLOR TRACER vs. MICROBIAL PLUMES
The recorded intensities for both the color tracer and microbial plumes were normalized
to enable comparison of results between these two plumes. The plots of normalized intensity
versus distance along the box for three of the tests can be seen in Figures 5.14 to 5.16. These
results show that at early times, when oxygen depletion has not yet taken effect, the color tracer
and microbial plumes are similar to each other. Once oxygen depletion occurs, the front of the
microbial plume still follows that of the color tracer, but the intensity in the middle of the plume
drops.
Test #6 v = 2.21E-4 m/s at 1 minute Test #6 v = 2.21E-4 m/s at 8 minutes
0.8 -0.8
0.6 -0.6
bacteria 2 bacteraI D coor 0 color
4 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 2 22
Distance Across Box (cm) Distance Across Box (cm)
Test #6 v = 2.21E-4 m/s at 4 minutes Test #6 v = 2.21E-4 m/s at 14 minutes
0.6 +. batei[+ bacteria
4 c 0 color
42 4 6 8 144121416 1824 22 0 2 4 6 8 14412 14 1618 
20422
Distance Across Box (cm) Distance Across Box (cm)
Test #6 y = 2.21E-4 rn/s at 6 minutes Test #6 y =2.21E-4 rn/s at 18 minutes
% 0.62.
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Figure 5.14 - Color Tracer vs. Microbial Plume at 2.21E-4 m/s
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Figure 5.15 - Color Tracer vs. Microbial Plume at 1.64E-4 m/s
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Figure 5.16 - Color Tracer vs. Microbial Plume at 1.09E-4 m/s
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5.6 - REPRODUCIBILITY OF RESULTS
Two separate trials were run at similar flow rates (-1E-4 m/s) to determine if the results
from the experiment were reproducible. Figure 5.17 shows the normalized light intensity versus
distance across the box for the two trials run at similar flow rates at the same time step into the
experiment. Similar reproducibility was found for both early and later times during the
experiment.
Comparison of Tests #2 and #4
Bacteria at 1E-4 m/s
1
0.8
0.6
+11 min (bact #4)
0 .0.4 012 min (bact #2)
0.2
0-
0 5 10 15 20 25
Distance Across Box (cm)
Figure 5.17 - Comparison of Two Trials Run at Similar Flow rates
This figure demonstrates that findings from the experimental program are reproducible.
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5.7 OXYGEN CONSUMPTION
In an effort to describe the rate of bioluminescent decay, and therefore, oxygen
consumption within the soil, an oxygen decay rate constant was estimated. Equation 5.1 shows
the rate of substrate (oxygen) change over time. The substrate decay rate constant is described
by Equation 5.2. The set of plots of light intensity versus time shown in Figure 5.3 and
Appendix E. 1 were used to determine t50 , the time at which light intensity has decreased to 50%
of the maximum intensity. The method for estimating t50 is shown in Figure 5.18.
dC = -kC (5.1)
dt
k = ln(1/2) (5.2)
t50
Where
dC/dt = Rate of change of substrate (C) over time
k = Oxygen decay rate constant
t5o = Time at which the light intensity has decreased to 50% of it's maximum intensity
in T mx(mi n
F 52
Figure 5.18 - Method for Estimnating t501
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Estimated t50 values obtained for each of the
versus pore fluid velocity were prepared to
bioluminescence decay, could be related to
demonstrated that there was no apparent trend
tests run are listed in Table 5.4. Plots of t5o and k
determine if the rate of oxygen consumption, or
the pore fluid velocity. These plots, however,
linking flow velocity with t50.
Pore Fluid EstimatedTrial # Velocity (m/s) t5o
8 1.31E-05 6
2 9.65E-05 8
4 1.09E-04 6
9 1.64E-04 2.5
7 1.68E-04 4.5
6 2.21E-04 infmity
Table 5.4 - Estimated Values of t50
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6. CONCLUSIONS AND RECOMMENDATIONS
6.1 SUMMARY OF FINDINGS
Through the use of bioluminescent bacteria and a transparent porous medium, direct
visualization of subsurface microbial transport was accomplished. Results acquired from the
current experimental setup were reproducible at similar flow rates and bacterial cell
concentrations. The two main factors controlling the microbial transport system were found to
be flow velocity and oxygen concentration levels. Bioluminescent bacteria are highly dependent
on the oxygen available in groundwater. As observed, the rapid oxygen consumption of bacteria
used in this experiment indicates the necessity for additional sources of oxygen to be integrated
into a biodegradation system in nature.
The degradation and consumption of oxygen and contaminants is related to the amount of
time microorganisms spend in particular pore spaces. Faster flow rates allow the bacteria to
move through the soil without consuming all of the available oxygen, but may not allow the
bacteria enough time to degrade the contaminant. Alternately, bacteria traveling through soil at
slower flow rates consume all available oxygen before traveling too far. For the flow rates tested
with this research, microbial flow was found to follow the flow pattern of a color tracer. Distinct
differences between microbial and chemical flow might, however, be apparent at slower flow
rates more typical of groundwater flow. These slower flow rates could not be tested during this
project due to oxygen consumption issues with the current equipment setup. Recommendations
listed below for future research suggest methods to help incorporate slower flow rates into the
experimental system.
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6.2 RECOMMENDATIONS
The key to enhancing the experimental design is to evaluate what steps are necessary to
make the data quantitative. With the current arrangement, a number of important components of
microbial transport are unable to be analyzed. Components that need to be analyzed for a
complete investigation of microbial transport include oxygen, salicylate, and microbial cell
concentrations at different locations within the soil system, and at different times. Effects of
each of these components on bioluminescent light emission must also be quantified to fully
understand what is occurring in the porous medium. Several alterations are necessary in the
apparatus design to help further an investigation into how these components effect microbial
transport.
6.2.1 APPARATUS DESIGN
The most critical alterations needed to the apparatus are concerned with the box design.
Several revisions need to be incorporated to allow for improved data measurement of factors
governing microbial transport. In order to accurately assess what is occurring within the soil
system, pore fluid samples must be extracted to determine oxygen and salicylate concentration
levels. Additionally, determining the bacteria cell concentration in a certain area of the soil
system would be beneficial to obtain information on microbial movement and/or biofilm growth.
Therefore, a system of sampling ports needs to be incorporated within the box. These ports
should enable the user to withdraw pore fluid at different times and locations during the
experimental operation, without affecting the flow. If flow pattern interference becomes a
problem, probes could be placed within the soil to capture oxygen and salicylate concentration
levels while the system is running. The sampling ports could then be utilized just at the onset
and completion of each experiment.
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Another feature that needs to be integrated into the apparatus design is an additional
means of supplying oxygen to the soil. This additional source could be injected at several
points, or an additive could be pumped in with the pore fluid. Some additives that could be
looked into are hydrogen peroxide or calcium oxides (CaO). Integrating another source of
oxygen will allow for the bacteria to continue to glow at all flow rates. This would be especially
advantageous for testing the behavior of bacteria at slower flow rates that are more typical of
groundwater plumes.
With the current experimental set up, packing of the cryolite soil into the box proved to
be extremely challenging and time intensive. Every time the box was filled with soil and
screwed shut, some settling occurred and an open space formed on the top edge of the box.
Therefore, the box always had to be re-opened, filled with more soil, and screwed together again.
This process had to be duplicated a number of times before the box was completely filled. One
way to alleviate this problem is to design a box with an opening on top that would allow the
introduction of more soil into the box once the box was screwed shut. This opening could then
be sealed by itself, and a great deal of time would be saved by not having to unscrew and re-
screw the entire box.
The final comment on the design of the box is related to its construction material. The
polycarbonate material that the current box was made of is highly susceptible to cracking. When
the screws were threaded too tightly, small cracks in the polycarbonate formed and leaking
occurred. These cracks were easily patched up with clear silicon RTV. To avoid extensive
cracking, more care should be taken when screwing the box closed, or plastic screws should be
used to avoid damage to the box.
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6.2.2 EXPERIMENTAL DESIGN
In addition to equipment changes, there are a few other alterations that would be made to
improve the actual running of the experiment. It was observed that when microbial cell
concentrations were high, light intensities were dramatically increased and data were easier to
process. Therefore, during the preparation of the experiment, the bacteria should be grown for a
longer period of time in order to allow the cell concentrations to reach a critical point where
bioluminescence would be at a peak. As mentioned previously, additional oxygen injection
within the soil will also help increase light emission.
Once the system is running efficiently with the recommended alterations, other
parameters such as soil size and pH should be varied between tests. Investigating microbial
transport in sands and smaller clay particles would also be useful. Most natural soil
configurations are not completely homogeneous. Looking at microbial transport through
heterogeneous soil systems would, therefore, simulate better natural conditions. Results could
then be applied more effectively in the design of bioremediation operations in natural soils.
The factors that control the transport of microorganisms through soil and groundwater are
not well understood. This project sought to develop a means to directly visualize and investigate
microbial activity and movement through a saturated soil system. An experimental set up was
designed and tested. By incorporating bioluminescent bacteria within a transparent soil system,
microbial transport was directly visualized. Although several alterations need to be incorporated
to make the experimental process more successful and quantitative, the potential this research
offers for developing a better understanding of subsurface microbial transport processes is
enormous.
100
7. REFERENCES
Applegate, B.M., Kelly, C, Lackey, L., McPherson, J., Kehrmeyer, S.R., Menn, F.M.,
Bienkowski, P., Sayler, G. 1997 "Pseudomonas putida B2: a tod-lux Bioluminescent
Reporter for Toluene and Trichlorethylene Co-Metabolism." Journal of Industrial
Microbiology & Biotechnology. 18: 4-9.
Applegate, B.M., Kehrmeyer, S.R., Sayler, G.S. 1998. "A Chromosomally Based tod-
luxCDABE Whole-Cell Reporter for Benzene, Toluene, Ethybenzene, and Xylene (BTEX)
Sensing." Applied and Environmental Microbiology. 64: 2730-2735.
Baveye, P., Valocchi, A. 1989. "An Evaluation of Mathematical Models of the Transport of
Biologically Reacting Solutes in Saturated Soils and Aquifers." Water Resources Research.
25(6): 1413-1421.
Baveye, P., Vandevivere, P., de Lozada, D. 1992. "Comment on "Biofilm Growth and the
Related Changes in the Physical Properties of a Porous Medium, 1, Experimental
Investigation" by S.W. Taylor and P.R. Jaffe." Water Resources Research. 28(5): 1481-
1882.
Becvar, J.E., Hastings, J.W. 1975. "Bacterial Luciferase Requires one Reduced Flavin for Light
Emission." Proceedings of the National Academy of Sciences of the United States of
America. 72: 3374-3376.
Belas, R., Mileham, A., Cohn, D., Hilmen, M., Simon, M., Silverman, M. 1982. "Bacterial
Bioluminescence: Isolation and Expression of the Luciferase Genes from Vibrio harveyi."
Science. 218: 791-793.
"Bioluminescence- What is it?" http://www.sd83.bc.ca/stu/9605/w2mar2.htm
Birks, J.B. The Theory and Practice of Scintillation Counting. The MacMillan Company, New
York, 1964.
Blouin, K., Walker, S.G., Smit, J., Turner, R. 1996. "Characterization of In Vivo Reporter
Systems for Gene Expression and Biosensor Applications Based on luxAB Luciferase
Genes." Applied and Environmental Microbiology. 62: 2013-2021.
Burlage, R.S., Sayler, G.S., Larimer, F. 1990. "Monitoring of Naphthalene Catabolism by
Bioluminescence with nah-lux Transcriptional Fusions." Journal of Bacteriology. 172:
4749-4757.
Burlage, R.S., Palumbo, A.V., Heitzer, A., Sayler, G.S. 1994. "Bioluminescent Reporter
Bacteria Detect Contaminants in Soil Samples." Applied Biochemistry and Biotechnology.
45/46: 731-740.
101
Celia, M.A., Kindred, J.S., Herrera, I. 1989. "Contaminant Trasport and Biodegradation- 1. A
Numerical Model for Reactive Transport in Porous Media." Water Resources Research.
25(6): 1141-1148.
Chen, Y-M., Abriola, L.M., Alvarez, P.J.J., Anid, P.J., Vogel, T.M. 1992. "Modeling Transport
and Biodegradation of Benzene and Toluene in Sandy Aquifer Material: Comparisons With
Experimental Measurements." Water Resources Research. 28(7): 1833-1847.
Committee on In Situ Bioremediation. In Situ Bioremediation - When does it work? National
Academy Press, Washington, D.C. 1993.
Cunningham, A.B., Bouwer, E.J., Characklis, W.G. "Biofilms in Porous Media." Biofilms.
John Wiley & Sons, Inc., New York. 1990.
Davis, M.L., Cornwell, D.A. Introduction to Environmental Engineering. McGraw-Hill, Inc.,
New York. 1991.
Davison, R.M., Lerner, D.N. Contaminated Land and Groundwater: Future Directions. The
Geological Society, London. 1998.
Domenico, P.A., Schwartz, F.W. Physical and Chemical Hydrogeology. John Wiley & Sons,
Inc., New York. 1998.
Dunn, D.K., Michaliszyn, G.A., Bogacki, I.G., Meighen, E.A. 1973. "Conversion of Aldehyde to
Acid in the Bacterial Bioluminescent Reaction." Biochemistry. 12: 4911-4918.
Dupont, R.R., Bruell, C.J., Downey, D.C., Huling, S.G., Marley, M.C., Norris, R.D., Pivetz, B.
1998. Innovative Site Remediation Technology: Design and Application - Bioremediation.
American Academy of Environmental Engineers, USA.
Engebrecht, J., Silverman, M. 1984. "Identification of Genes and Gene Products Necessary for
Bacterial Bioluminescence." Proceedings of the National Academy of Sciences of the United
States of America. 81: 4154-4158.
Eweis, J.B., Ergas, S.J., Chang, D.P.Y., Schroeder, E.D. Bioremediation Principles. McGraw-
Hill, Inc., Boston. 1998.
Fabritz, J.E. 1995. A Two Dimensional Numerical Model for Simulating the Movement and
Biodegradation of Contaminantsin a Saturated Aquifer. Masters Thesis, University of
Washington.
Fang, H. Introduction to Environmental Geotechnology. CRC Press, Inc., 1997.
Fetter, C.W. Applied Hydrogeology. Macmillan Publishing Company, New York. 1988.
Fetter, C.W. Contaminant Hydrogeology. Macmillan Publishing Company, New York. 1993.
102
Freeze, R.A., Cherry, J.A. Groundwater. Prentice-Hall, Inc., New Jersey. 1979.
Hastings, J.W., Tu, S.C., Becvar, J.E., Presswood, R.P. 1975 "Bioluminescence from the
Reaction of FMN, H20 2 , and Long-Chain Aldehyde with Bacterial Luciferase."
Photochemistry and Photobiology. 29: 383-387.
Heitzer, A., Webb, O.F., Thonnard, J.E., Sayler, G.S. 1992. "Specific and Quantitative
Assessment of Naphthalene and Salicylate Bioavailability by Using a Bioluminescent
Catabolic Reporter Bacterium." Applied and Environmental Microbiology. 58: 1839-1846.
Heitzer, A., Malachowsky, K., Thonnard, J.E., Bienkowski, P.R., White, D.C., Sayler, G.S.
1994. "Optical Biosensor for Environmental On-Line Monitoring of Naphthalene and
Salicylate Bioavailability with an Immobilized Bioluminescent Catabolic Reporter
Bacterium." Applied and Environmental Microbiology. 60: 1487-1494.
Heitzer, A., Applegate, B., Kehrmeyer, S., Pinkart, H., Webb, 0., Phelps, T., White, D., Sayler,
G.S. 1998. "Physiological Considerations of Environmental Applications of lux Reporter
Fusions." Journal of Microbiological Methods. 33: 45-47.
Kindred, J.S., Celia, M.A. 1989. "Contaminant Transport and Biodegradation- 2. Conceptual
Model and Test Simulations." Water Resources Research. 25(6): 1149-1159.
King, J.M.H., DiGrazia, P.M., Applegate, B., Burlage, R., Sanserverino, J., Dunbar, P., Larimar,
F., Sayler, G.S. 1990. "Rapid, Sensitive Bioluminescent Reporter Technology for
Naphthalene Exposure and Biodegradation." Science 249: 778-781.
Kinoshita, T., Bales, R.C., Yahya, M.T., Gerba, C.P. 1993. "Bacteria Transport in a Porous
Medium: Retention of Bacillus and Pseudomonas on Silica Surfaces." Water Resources.
27(8): 1295-1301.
Kuhn, R.H., Peretti, S.W., Ollis, D.F. 1991. "Microfluorimetric Analysis of Spatial and
Temporal Patterns of Immobilized Cell Growth." Biotechnology and Bioengineering. 38:
340-352.
Lappin-Scott, H.M., Costerton, J.W., Marrie, T.J. "Biofilms and Biofouling." Encyclopedia of
Microbiology. Academic Press, Inc., New York. 1992.
Layton, A.C., Muccini, M., Ghosh, M.M., Sayler, G.S. 1998. "Construction of a Bioluminescent
Reporter Strain to Detect Polychlorinated Biphenyls." Applied and Environmental
Microbiology. 64: 5023-5026.
Madigan, M.T., Martinko, J.M., Parker, J. Biology of Microorganisms. Prentice Hall, New
Jersey, 1997.
103
Matthysse, A.G. 1992. "Adhesion, Bacterial." Encyclopedia of Microbiology. Academic Press,
Inc., New York.
McCaulou, D.R., Bales, R.C, McCarthy, J.F. 1994. "Use of Short-Pulse Experiments to Study
Bacteria Transport Through Porous Media." Journal of Contaminant Hydrology. 15: 1-14.
Meighen, E., Riendeau, D., Bognar, A. 1981. "Bacterial Bioluminescence: Accessory Enzymes"
Bioluminescence and Chemiluminescence - Basic Chemistry and Analytical Applications.
Academic Press, Inc. London.
Meighen, E.A. 1988. "Enzymes and Genes from the lux Operons of Bioluminescent Bacteria."
Annual Review of Microbiology. 42: 151-76.
Meighen, E.A. 1991. "Molecular Biology of Bacterial Bioluminescence." Microbiological
Reviews. 55: 123-142.
Meighen, E.A. 1993. "Bacterial Bioluminescence: Organization, Regulation, and Application of
the lux Genes." The FASEB Journal. 7: 1016-1022.
Menn, F., Applegate, B.M., Sayler, G.S. 1993. "NAH Plasmid-Mediated Catabolism of
Anthracene and Phenanthrene to Naphthoic Acids." Applied and Environmental
Microbiology. 59: 1938-1942.
Mittelman, M.W., King, J.M.H., Sayler, G.S., White, D.C. 1992. "On-Line Detection of
Bacterial Adhesion in a Shear Gradient with Bioluminescence by a Pseudomonasfluorescens
(lux) Strain." Journal of Microbiological Methods. 15: 53-60.
Molnar, Jennifer L. 1998. Two Dimensional Model for Direct Visualization of Chemical Mixing
in Porous Media. MIT Undergraduate Thesis.
Nealson, K.H., Cassin, R. 1984 "Molecular Genetic Studies in Bioluminescence." Analytical
Applications of Bioluminescence and Chemiluminescence. Academic Press, Inc. London.
Palmer, C.M. Principles of Contaminant Hydrogeology. CRC Press, Inc., New York. 1996.
Paul, E.A., Clark, F.E. Soil Microbiology and Biochemistry. Academic Press, Inc., San Diego.
1989.
Pellant, C. The Eyewitness Handbook of Rocks and Minerals. DK Publishing, London. 1992.
Rehm, H-J., Omar, S.H. 1991. "Special Morphological and Metabolic Behavior of Immobilized
Microorganisms." in Biotechnology- Biological Fundamentals. 1: 223- 248. VCH, New
York.
104
Sanseverino, J., Applegate, B.M., King, J.M.H., Sayler, G.S. 1993. "Plasmid-Mediated
Mineralization of Naphthalene, Phenanthrene, and Anthracene." Applied and Environmental
Microbiology. 59: 1931-1937.
Selifonova, 0., Burlage, R., Barkay, T. 1993. "Bioluminescent Sensors for Detection of
Bioavailable Hg(II) in the Environment." Applied and Environmental Microbiology. 59:
3083-3090.
Smidsrod, 0., Skjak-Braek, G. 1990. "Alginate as Immobilization Matrix for Cells." Trends in
Biotechnology. 8: 71-78.
Steinberg, S.M., Poziomek, E.J., Engelmann, W.H., Roger, K.R. 1995. "A Review of
Environmental Applications of Bioluminescence Measurements." Chemosphere. 30: 2155-
2197.
Stewart, G., Williams, P. 1992. "lux Genes and the Applications of Bacterial Bioluminescence."
Journal of General Microbiology. 138: 1289-1300.
Tan, Y., Bond, W.J. "Modeling Subsurface Transport of Microorganisms." Environmental
Hydrology. Kluver Academic Pulishers, Boston, 1995.
Taylor, S.W., Jaffe, P.R. 1990a. "Biofilm Growth and the Related Changes in the Physical
Properties of a Porous Medium- 1. Experimental Investigation." Water Resources Research.
26(9): 2153- 2159.
Taylor, S.W., Jaffe, P.R. 1990b. "Substrate and Biomass Transport in a Porous Medium."
Water Resources Research. 26(9): 2181-2194.
Taylor, S.W., Jaffe, P.R. 1990c. "Biofilm Growth and the Related Changes in the Physical
Properties of a Porous Medium- 3. Dispersivity and Model Verification." Water Resources
Research. 26(9): 2171-2180.
Taylor, S.W., Milly, P.C.D., Jaffe, P.R. 1990. "Biofilm Growth and the Related Changes in the
Physical Properties of a Porous Medium- 2. Permeability." Water Resources Research.
26(9): 2161-2169.
"Triumf Safety Group - Scintillation Counters."
http://www.triumf.ca/safety/rpt/rpt_6/node]9.html
"Turner Designs Biotechnology - An Introduction to Chemiluminescence and Bioluminescence
Measurements."
http://www.luminometer.com/applications/998_2620.htm
"Uses of Bioluminescence in Nature."
http://www.biology.lsa.umich.edu/-www/bio311/projects/ronney/use.shtml
105
Wallace, W.H., Fleming, J.T., White, D.C., Sayler, G.S. 1994. "An algD-Bioluminescent
Reporter Plasmid to Monitor Alginate Production in Biofilms." Microbial Ecology. 27: 225-
239.
Webb, O.F., Bienkowski, P.R., Matrubutham, U., Evans, F.A, Heitzer, A., Sayler, G.S. 1997.
"Kinetics and Response of a Pseudomonasfluorescens HK44 Biosensor." Biotechnology and
Bioengineering. 54: 491-502.
Yaron, B., Dagan, G., Goldshmid, J. Pollutants in Porous Media - The Unsaturated Zone
Between Soil Surface and Groundwater. Springer-Verlag, New York. 1984.
Yen, K.M., Gunsalus, I.C. 1982 "Plasmid Gene Organization: Naphthalene/ Salicylate
Oxidation." Proceedings of the National Academy of Sciences of the United States of
America. 79: 874-878.
You, I., Ghosal, D., Gunsalus, I.C. 1991. "Nucleotide Sequence Analysis of the Pseudomonas
putida PpG7 Salicylate Hydroxylase Gene (nahG) and its 3'-Flanking Region."
Biochemistry. 30: 1635-1641.
Zenno, S., Saigo, K., Kanoh H., Inouye, S., 1994. "Identification of the Gene Encoding the
Major NAD(P)H-Flavin Oxidoreductase of the Bioluminescent Bacterium Vibrio fischeri
ATCC 7744." Journal of Bacteriology. 176: 3536-3543.
Zysset, A., Stauffer, F., Dracos, T. 1994. "Modeling of Reactive Groundwater Transport
Governed by Biodegradation." Water Resources Research. 30(8): 2423-2434.
106
8. APPENDICES
A.1 BUGS Scratchpad 1.1 Product Information 108
A.2 BUGS Scratchpad 1.1 Inputs 110
B.1 Toxicity of Soil Particles on the Growth of Strain 5RL 111
C.1 Box Dimensions 112
C.2 Pump Instructions/ Specifications 114
D.1 Microbial Plumes at Various Flowrates 117
E.1 Plots of Intensity Versus Time at Three Different Locations Across the Box 121
E.2 Comparison of Intensity Versus Time for Varying Flow Rates 124
107
APPENDIX A.1
BUGSTM SCRATCHPAD 1.1
Groundwater Modeling Software for Windows
Product Information
Free Download Area
Programming Services
BUGS MSCRATCHPAD
Groundewer Modeling Software
e Product Information
* Demonstration
Examples
e User's Manual
e Technical Manual
e Technical Support
COLUMN STUDY
" Product Information
e User's Manual
Write us at:
BUGBYTES, INC.
P.O. Box 27740
Seattle Washington
98125-2740
or email us at:
jasonf@bugbytes.com
BUGSTM SCRATCHPAD 1.1 combines the advantages of the Microsoft
TMWindows user interface with a comprehensive and flexible contaminant
.fate and transport numerical model that includes chemical and biokinetic
reactions. It simulates two dimensional fate and transport of multiple
reactive solute and sorbed species. Reactions include single and multiple
ordered, monod, double monod and competitive inhibition reactions; and
kinetic or equilibrium paritioning.
Originally, BUGS SCRATCHPAD was designed to investigate the effect
of intermediate toxicity on methanotrophic bacteria during TCE
degradation in a saturated aquifer. Since that time, it has grown in its
flexibility and capabilities to perform other analyses as well.
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BUGSTM SCRATCHPAD 1.1 provides the following:
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e One and Two Dimensional grid mesh with unlimited number of
nodes.
e Saturated Steady-State flow.
e Unlimited number of reactive solutes.
e Unlimited number of reactive sorbed species.
& Equilibrium, Single Order Decay, Multiple Order Decay, Monod,
Double Monod, Competitive Inhibition, Linear Partitioning,
Langmuir Partitioning, and Freundlich Partitioning Reactions.
. Dual detailed form views and spreadsheet-like table views of most
input variables.
e Integration with the WindowsT Mclipboard, eliminating the entering
of large datasets by hand.
* User-configurable spreadsheet-like output grids for viewing
numerical output.
* User-configurable time series and profile graphs of any of the output
variables.
e Printer support for output graphs.
To solve the governing equations, BUGSTM SCRATCHPAD 1.1 implements
the Integrated Operator Splitting method using an Explicit Finite
difference solution for the transport of solute species and the Linear
Integrated Method for the solution of chemical and biological reactions.
BUGS SCRATCHPAD 1.1 is written to run under Microsoft
TMT TMWindows m3.1., Windows 95 rand Windows NT
TM @D Copyright 1998, BUGBYTES, Inc. All Rights Reserved. BUGBYTES. BUGS and theReturn to BUGBYTES INC. Bug logo are trademarks of BUIGBYTES. Inc. All other product names are trademarks,
Homepage. registered trademarks. or service marks of their respective owners.
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APPENDIX A.2
BUGS SCRATCHPAD 1.1 INPUTS:
Apparatus Dimensions:
- Length of Aquifer (30 cm), # nodes (31)
- Height of Aquifer (6 cm). # nodes (7)
Soil Properties
- Porosity
- Hydraulic Conductivity
- Hydraulic Head
Flow Properties:
- Pore Water Velocity
- Specific Discharge- Q
- Dispersion (oxygen, nutrients, and salicylate)
- Diffusion (oxygen, nutrients, and salicylate)
Bacteria Inputs:
- Max. Substrate Consumption Rate
- Half Saturation Constants (oxygen, nutrients, and salicylate)
- Yield Coefficient
- Specific Growth Rate
- Cell Decay Coefficient
- Initial Biomass Concentration
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Pump I (Model 3364)-Ultre Low Flow p(
Pump 11 (Model 3305)-Low Flow -3
Pump Il (Model 3346)-Medum Flow [ -
SPECIFICATIONS
-Type: Varable flow, self-prming, perstaltic pump
Flow control: VarIable
Plow Rates-
Pump I-Ultra Low Flow: 0.005 to 1.5 mVmin
Pump il-Low Flow: 0.03 to .20 milmin
Pump IN-MedIum Flow 4.0 to 85.0 ml/min
Slloone tubing temperature range; -60 to 500'F (42 to 260')
Motor 12 VDC variable
Case: ABS plastic -Olmenslonsa GO, X 4'x a 4'/'(1. X 12.0 X 11.5 om)
Weight: 1% lb (667 g)
Powe. 120 V, 0 Hz g or 12Vb ery; or European 22V,50 Hz
CONTROL PANEL
51: Power/Direction switch: For selecting FORWARD,
REVERSE, and power OFF,
62: Pump Speed switch: For selecting FAST, SLOW, and
PRIME (PURGE).
C1: Variable Flow Control For varying flow rate.
GENERAL INFORMATION rw M
Variable flow MinI-Pump is a bidirectional, self-priming peristaltic pump for precIse low-flow dellveries. The squeezing
action of the rollers on the tubing progressively moves luid through the tubing in advance of the rollers, resulting in a
peristaltic pumping action. The flowis proportionate to the speed of the pump heed and the inside diameter of the
tubing, both of which can be varied. A variable speed flow control and lIve different sized tubing assembies provide
fine resolution with a wide range of flow rates. A PRIME (PURGE) setting is provIded to fcilitate high speed emptying/
fIllIng operations. Mini-Pump is powered by a 12-volt wall adapter that plugs Into a wai receptacle. A battery power
cord is also supplied for portable operation of the pump using al- or 12-volt battery.
SETUP
There are two power cords supplied; these enable Mini-Pump to operate from a standard (120-volt, 60-hert. wall
receptacle or European accessory adaptor 220-vol, 50hertz) and from a 9. or 12-volt batery. Connect one end of the
approprIate power cord to #te Mint-Pump and the other and to a power souros, the MinI-Pump IN now reedy to use.
AC Power Cordr This 6-foot oord has a single male plug on one end end a wal adapter on the 6ther. Insert the single
male plug into the power receptacle at the back of the pump housing and the wall adapter into's wal receptacle.
Bettery Power Cord. This 7-inch oord has a single male plug on one end and a g-volt battery connector on the other.
Insert the single male plug into the power receptacle at the back of the pump housing and connect the battery
connector to a 9-volt battery,
NOTE: Mini-pump can also be operated from a 12-volt car/storage battery by properly splicing the wires to the 9-volt
connector Results are comparable to those on no operation. Operation of the pump on a 9-volt battery produces
slower speeds and flow rates. A standard 9-volt battery runs the pump for a relatively short rne (30 min or less) before
becoming exhausted
OPERATION
1. Release the protective transparent cover by depressing the tab on the plastic retaining clip located at the bottom of
the cover. The hinged cover can then be raised to gain access to the pump head and tubing assembly.
2. Take the tubing assembly (plastic fittings and attached tubing) and wrap the tubing around the pump head (white
roler). Slds each plastic slotted filting into each metal slotted U-shaped retaining bracket
3. Attach tubing to the IN and OUT barbed fittngs on the pump.
4. Move the Power/Direction switch (S1) to FORWARD, to activate the pump head.
5. Move the Pump Speed switch (92) to PRIME (PURGE), to quickly l the tubing with Nuld.
6. Move.th Pump Speed swtch (82) lo SLOW or FAST.
7. Within each of the two speed ranges (SLOW and FAST), the flow rate can be varied for precise delivery by rotating
the Variable Flow Control knob (C1), Selecting a higher reference number increases the revolutons per minute and
the flow rate of the pump.
8. Select a tubing size with a mld.range for the expected flow rate.
9. To extend tubing Me, select a tubing size with the largest diameter possible for the desired output and operate the
pump at lower speeds (without stalling the pump). If too large a diameter tubing is selected, and the pump Is set at
too slow a speed, the pump motor may stal or stop.
I The tubing in the tubing assembly will eventually wear out and must be replaced. To replace tubing read the
following sections: 'tbing Assembles,' "ibng,' etc.
NOTE Il very accurate low conrol Is mpnntw, u foet1 pump to operale lor approximntely 20 minutesto condtion ft tubing.
CAUTION: MinI-Pump is engineered to provide years of salfactory service I handled property. Het are a few precautions:
e Do NOT run the pump In reverse for long periods of time. This will shorten the Ills of the motor,
e Do NOT manually turn the pump head. TurIng the pump head manually will damage the pump gears.
e Do NOT touch the pump head while it Is turning.
e This product Is not designed for nor intended for use In patlent-related applications.
TUBING ASSEMBLIES
Fure 2 ted 9 AReMWrnhenFiue 3 0Wshe AnoMnb CcnigiWeflon
Slotted
Slotted tubing assemblies consist of a length of tubing with each end terminating In a straight barbed fitting with a
slotted tube-lock holding the fitting in place,
Washer
Washer tubing assemblies consist of a length of tubing with each end terminating in a straight barbed fitting with a
washer tube-lock holding the tilting in place.
Complete tubing assemblies are available (see "AccessorIes' section),
TUBING
For replacement of the tubing only, consult the chart below for cutting the tubing to the proper length,
Pump I-Ultra Low Flow
Tubing I.D. (*) Approximate Tubing Length () Approximate Flow Rate (rmlmrn)
'I,,. . ....... 4.25... ................. .. . ..  0.005-0.13.. .................. ......,.....35 ... I . ...-.. -.. . . -- . 080.
'I ............. .................... .................... 4.25....................-....................................... 0.05-0.17
' ............. ............, .... .. .......  4.5 ........ . . .  ... ...................... . .. . .   9 004 .36
'/, .- ~........ ....  . ........ , 5., -.......... .............-. 0.35-.F0
,1'1-.-"-------"----'-.. --.. '"---....... 4.7 .... .... .....................................-.... o.'sa .8o
*Nor supfled With pump
Pump l-Low Flow
tbl 1.1. (') Approximate Tubing Length (*) Approximate Flow Rate (mlmxin)
-.......- 3.5....~..-......................- ......-.-.. 0.03-0.08
1/*..... . ................. 3.5...................,.......... . 0.04-0.14
... ~~... ........- - .............. .......................- ~...... 0.25-0.0
/.... ..............-...... . 5. . .... .- 1.7.
.--------.-----....... .. 4.375.. ............... 1.7-.2
'Not oweplied with pump
Pump Ill-MedIum Flow
TbnApproximate Length . Approximat low Rate (mlmInn)
. .." ",.. "'. ~ . "~.".".. . ' ~," 3.5 .. ...... 0.5-2.2
........ ,...................... 4.25. .... ........... 3.0-12.0
'1....... 4. 5.0-20.0
/I---..---------.--.. . 4.5 ............................................. 5.0-2.0
'Nag supptied with pumnp
Slightly shorter tubing reduces the dIameter by stretching the tubing and reducing the flow. The flow rate can be
reduced salghtly by cutting the tubing slightly shorter than indicated by the chart.
NOTE: The lengths given are for siicone tubing only, other tubing may require slightly shorter or longer lengths. The
flow rates listed are for silcone tubing supplied with MinI-Pump.
For best results-
e Select a tubing size with a mld.range for the expected flow rate.
* To extend tubing fle, select a tubing size with the largest diameter possible for the desired outlpt and operate the
pump at lower speeds (without stalling the pump). If tob large a diameter tubing is selected, and the pump Is set at
too slow a speed, the pump motor may stall or stop.
TUBING ASSEMBLY REMOVAL
1. Relese the protective, transparent cover by depressing the tab on the plastic retaining clip located at the bottom of
the cover. The hinged cover can then be raised to gain access to the pump heed and tubing assembly.
2. The tubing assembly is held in piace by a slotted tube-look at each end which Is fastened securely by friction fit in a
metal U-shaped retaining bracket.
3. Grasp the tube-lock (white round slotted part) on each side of the retaining bracket, and remove it by lifting upward.
4. Remove the other tube-lock in the same manner.
PREPARATION FOR INSTALLATION (TISING ONLY).
1. Alter removing the tubing assembly, side the slotted tube-lock on each end away from the barbed fittings. Remove
the barbed fittings and tube-locks from the tubing, discarding the tubing.
amas. '5= MWIWM
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2. Prepare a new length of tubing for inslaltation by sliding a lube-lock over the end of the tubing. Insert a itting on the
end of the tubing. Make certain to slide the tubing over the barbed por tion of the lilting. Repeat this procedur e for
the other end of the tubing. The tubing assembly Is now ready for Instaliation.
TUBING ASSEMBLY INSTALLATION
The 1-Inch lubIng assemblies have tube-locks that consist of nylon washers-thoy are not slotted. All other tubing
assembles have tube-locks that are slotted.
Slotted Tube-Lock Fillings
1. Press one slotted tube-lock Into the metal U-bracket.
2. Feed the tubing around the pump head (stretching the tubing slightly to ensure a good wraparound lit).
3. Press the second tube-lock Inlo the other metal U-brackel.
Washer Tube-Lock Fillings
1. Sip one end of the tubing assembly Into the U-bracket with the washer to the right of the bracket.
2. Feed the tubing around the pump head (stretching tie tubing slightly to ensure a good wraparound lit).
3. Sip lIe second end of the tubing assembly Into the other U-bracket with the washer to the right of the brackot.
TUBING
This specialty formutaled pump tubing Is made from FDA-approved ingredients. The unIque manufacturing process
aciIeves a tubing flexibility greater than other tubing. It is ultrahanslucent so that #ie low of the liquid can be
observed. it is nontbxic, odorless, and tasteless. It may be used to transfer ultrapure delonized/distfiled water with zero
contamination. i Is blocompatible. resilent. stretchable, and resistant to compression se. Its high 'weatherab~iftiy
properties resist ultraviolet Ight. ozone, and gases. May be used In the lab and outdoors.
It may be eutoclaved. Designed for pumping very hot and very cold liquids. -80 to 500'F (-62 to 260).
REPLACEMENT TUBING ASSEMBLIES
Control CaL No. 3370: Replacement set of tubing and ttings/nIpples for Pump I-Ultra Low Flow ai Pump It-Low
Flow. Identical to tihe set supplied with the pump. Supplied with 's. 'It... '/a. '/t., and '/.-inch I.D. tubing and
corresponding liItings/nipples.
Control Cat. No. 3377: fleplacement set of tubing and fittings/nipples lor Purnp Ill-Medium Flow. Identical to the set
supplied with the pump. Suppled with '/%, 'Ie. ', 'e., and '7einch I.D. tubing amd corresponding Iittings/nipples.
Control Cat. No. 3371: 7e-inch ID., silicone tubing and fitings/nipples. (Alt pumps)
Control CaL No.3372: '/winch I.D., silicone tubing and ritmings/nIpples. (Alt pumps)
Control Cat. No. 3373: */winch LI.. silicone tubing and liltings/nippfes (Fitting color coded red inside). (Al pumps)
Control CaL No. 3374: '7winch I.D. silicone tubing and fittings/nipples (Fiting color coded blue inside). (All pumps)
Control CaL No. 3375: 1.inch LD., silcone tubing and fillings/nipples for Pump I-Ultra Low Flow aid Pump li-Low Fkm.
Control Cat. No. 3376: V.-inch I.D.. silicone tubing and fittings/nipples for Pump itt-Medium Flow
Replacement Tubing Only
Control Cat. No. 3360: i1winch LD., slicone tubing, 25 leet. (AN pumps)
Control Cat. No. 3361: 'Irinch LI., silicone tubing, 25 feeL* (A pumps)
Control Cat. No. 3362: V7winch I.D., silicone tubing, 25 feet. (AN pumps)
Control Cat. No. 3363: 'lb-inch .D., silicone tubIng, 25 lee. (All pumps)
Control Cat. No. 3364: 1l-inch I.D., silicone tubing, 25 loot. (AN pumps)
Control Cat. No. 3365: '1rinch ID., silicone tubing for Pump I-Ultra Low Flow, and Pump fl-Low Flow, 25 feet.
Control Cat. No. 3366: '1.-inch LI., slicone tubing for Pump lit-Medium Flow 25 feet.
*Ia'lubing uses the kientical ittings/nipples as the 7b" tubing.
ACCESSORIES
Control Cat. No. 3280 Tlghtt-Sear. Hoselnbng Clamp Assortment includes 5 each of. 13 different sizes. Clamps
have an inside diameter of 0.246 to 1.610 Inches. Clamps securely fasten tubing on connectors, pumps, glassware.
and Ifiratlon units. Chemical-corrosion-resistant, rustproo, and nonconducting nylon is kleal for use In wido-
temperature range of 32 to 194'F.
Control CaL No..3285 Tight-7es', Cable Ties Assortment Includes 400 tes with lengths from 4 to 14 Inches. One-
piece, set-ocking ies are made of chemical-corrosion-resistan, rustproof, and nonconducting nylon. deal for use In
wkie-temperature range of -40 to 15'F.
Control Cat. No. 3367 European Power Supply 220 volls. 50 hertz (Powers Pumps I, li. or ll).
SERVICE
Fr service contact
Control Company
30 West Edgewood
Frilendswood, TX 77546 USA
Ph. 281 482-1714 Fax 281 482-9448
Control Company is ISO 9001 Quality Certified
0 1990 (&) Control Company
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APPENDIX D. 1
Microbial Plume at 9.65E-5 m/s (Test #2)
117
Microbial Plume at 1.09E-4 m/s (Test #4)
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Microbial Plume at 1.68E-4 m/s (Test #7)
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Microbial Plume at 2.21E-4 m/s (Test #6)
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APPENDIX E. 1
Bacteria at 9.65E-5 m/s (Test #2)
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Bacteria at 1.64E-4 m/s (Test #9)
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